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Introduction

Computational Fluid Dynari s (CFD) has developed to the point where the flow field around practical aircraft and missile
configurations can be described fairly realistically. Although problems related to the numerical accuracy (grid refinement)
and turbulence modeling still limit the application of these codes, their use today is an integral part of aircraft development
and design. Before a specific code can be used with confidence, it is essential to validate the code (to test the capability of the
code to describe the physics of the flow correctly) or to calibrate the code (to establish the usefulness and reliability of the
code for practical design applications). An essential part of the validation process is a comparison of the CFD code with the
experiment.

In 1979 AGARD’s Fluid Dynamics Panel established Working Group 4 to compile a number of suitable experiments for such
a comparison. This has resulted in AGARD AR-138 (together with an Appendix published in 1384). The working group
limited its scope at that time to two-dimensional airfoils, slender bodies and wing/body configurations. Some of the test cases
have been used extensively in the past and are still used today. Since the publication of AR-138, CFD methods have
improved considerably. More complex geometrical configurations with much more complex flow ficlds can now be
calculated in fine detail. As a result of this, detailed experiments that cover a wider range of flow types and geometries are
required for CFD validation. Many experiments that suit these needs have been made, but the results are not always casily
accessible. For that reason AGARD FDP decided in 1990 to cstablish another Working Group on “The Selection of
Experimental Test Cases for CFD Validation”. The first meeting of the Working Group took place in An.ierdam in the fall of
1990 and 7 meetings later the ‘vorking group members retumned to Amsterdam for their final mecting.

In the very beginning of the Working Group, it was decided to concentrate mainly on “validation” rather than “building
block™ or “calibration” experiments. Hence, the Working Group limited its scope of interest to the flow around generic
configurations of practical interest. A questionnaire was sent out to request test cases. In total, over 100 questionnaires were
returned. Out of these, 65 were objectively selected for a more detailed written report and subsequent evaluation by the
working group members. As a result of this evaluation, 39 test cases were selected for inclusion in this report.

The report has been split up in two volumes. Volume 1 provides a review of the theoretical (chapter 2) and experimental
(chapter 3) requirements, followed by a general introduction to the test cases (chapter 4), a two-page summary of all test cases
(chapter 5) and finally a discussion and some recommendations for the future (chapter 6). The detailed information on the 39
test cases can be found in Volume I1. Accompanying this is a set of floppy disk's where the relevant data of all test cases have
been compiled. This set of floppy disks can be obtained upon request through AGARD's Nationa! Distribution Centers.

The Working Group found it difficult to select reliable test cases. The inclusion of a test case within the data base does not
automatically guarantee good quality. The Working Group takes no responsibility for the fitness or otherwise of the data base
iolunmtion: oo for any decisions inade ibesealler on e Basie of thay informostion. Iy Faiv i be W0 ol e sefulness ol
reliability of a particular test case can only be judged after a comparison of theory and experiment. For that reason, AGARD
FDP would appreciate it very much if the experience with the particular test cases could be reported to the Chairman of
AGARD's FDP TES- Committee on “Wind Tunnel Testing Technigues” A starsdard forua fur this ow be found ot the back of
this report.

In the Working Group, chaired by A. Elsenaar, both theoreticians and experimentalists were represented. Two subcommittces
headed by E.G. Waggoner and P.R. Ashill formulated the requirements from the point of view of CFD development and
\.Ap\.lixﬂwll I\«hpuwl;v’uly. Uthicr acdve meafbers of e pfuup woic J. Mu“la\;[-. D. Joucs, V. Sctimiv, H. Koroer,
E. Stanewsky, M. Onorato, U. Kaynak, M. Burt, S. Lekoudis, E. H. Hirschel and D. Brown. C. Hirsch followed the activities
of the Working Group on behalf of the Propulsion and Energetic Panel (PEP).
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Introduction

L'aérodynamique numérique (CFD) a évolué au point od les champs d’écoulement autour de configurations réelles
d’aéronefs et de missiles peuvent étre représentés de fagon assez fidele. Bien que 1'application des codes soit toujours limitée
par certains probleémes liés & la précision numérique (finesse des maillages) et A 1a modélisation des tourbillons, leur emploi
aujourd’hui fait partie intégrante du processus de conception et de développement des aéronefs. Avant de pouvoir utiliser un
code donné avec confiance, il est indispensable soit de le valider (tester la capacité du code A décrire correctement 1a physigue
de I'écoulement), soit dc le vérifier (Etablir I'utilité et la fiabilité du code en vue d’applications concrdtes). L'un des éléments
essentiels de processus de validation est la comparaison du code CFD avec des résultats expérimentaux.

En 1979, le Pancl AGARD de la dynamique des fluides a créé le groupe de travail No. 4, qui avait pour mandat de dresser
une liste d'expériences permettant de faire une telle comparaison. Ce travail a débouché sur la rédaction du document
AGARD AR-138 (ct d'une annexe publiée en 1984). Le groupe a volontairement limité le domaine de ses recherches aux
profils aérodynamiques bidimensionncls, aux corps effilés et aux configurations voilure/fuselage. Certains des cas d'essai ont
é1é trés largement utilisés dans le passé et le sont toujours. Les méthodes CFD se sont considérablement améliorées depuis la
publication du AR-138. Aujourd’hui, le calcul détaillé de configurations géométriques beaucoup plus complexes, aux champs
d’écoulement plus complexes, est tout 2 fait faisable. Par conséquent, des expéricnces couvrant une gamme plus large de
types d'écoulement et de géométries sont demandées pour la validation CFD. Bon nombre d'expériences répondant 2 ces
critéres ont été réalisées, mais 1’acces aux résultats pose souvent des problémes. Pour ces raisons, en 1990, le Pancl AGARD
de la dynamique des fluides a décidé de créer un autre groupe de travail, sur —le choix de cas d'essai expérimentaux pour la
validation CFD". Le groupe s'est réuni pour la premiere fois 4 Amsterdam en automne 1990. Sept réunions plus tard, les
membres sont retournés 3 Amsterdam pour la réunion finale.

Au tout début des travaux de ce groupe de travail, il a été décidé de porter I'effort principal sur —la validation* plutét que sur
des expériencesdutype—modulaire* ou—<¢étalonnage”. Par conséquent, le groupe de travail a limité son domaine d'intérét aux
écoulements autour de configurations génériques d'intérét pratique. Un questionnaire a été diffusé afin de recueillir des cas
d’essai. En tout, plus de 100 questionnaires ont été retournés, dont 65 ont été sélectionnés objectivement en vue de
I'établissement d’un rapport écrit plus détaillé pour évaluation ultéricure par les membres du groupe. Suite & cette évaluation,
39 cas d’essai ont été choisis pour incorporation dans le présent rapport.

Le rapport est en deux volumes : le volume I donne un apergu des besoins théoriques (chapitre 2) et expérimentaux (chapitre
3), suivi d'une introduction générale aux cas d'essai (chapitre 4), un résumé de I'ensemble des cas d'essai de deux pages
(chapitre 5) et finalement d’un débat qui débouche sur des recommandations pour I’avenir (chapitre 6). Le détail des 39 cas
d’essai est donné au volume 11. Le rapport est accompagné 4'un jeu de disquettes contenant les données appropriées a tous les
cas d’essai. Ces disquettes sont disponibles a la demande auprés des Centres de distribution nationaux de I'AGARD.

Le groupe de travail a éprouvé des difficultés pour choisir des cas d'essai fiables. La présence d'un cas d'cssai dans la base de
données ne représente pas la garantie systématique de sa qualité. Le groupe de travail n’accepte aucune responsabilité ni de la
justesse, ni de tout autre qualité des informations contenues dans la base de données, ni de toute décision prise ultéricurement
sur la base de ces informations. En effet, les auteurs sont de 1'avis que I'applicabilité et la fiabilité d’un cas d'essai donné ne
peuvent étre appréciées qu'aprés avoir confronté la théorie et I'expérience. Pour ces raisons, le Panel FDP de ' AGARD
aimerait que des retours d'information concerant des cas d’essai particuliers soient adressés au Président du comité AGARD
FDP TES sur —les techniques d'essais en soufflerie”’. Un formulaire 2 cet effet est joint A ce rapport.

Dans ce groupe d: travail, qui était présidé par A. Elsenaar, les théoricicns ont été représemés, aussi bien que les
expérimentalistes. Les objectifs du point de vue du développement CFD et dec expériences ont été définis par deux comités,
présidés par E. G. Waggoner et P. R. Ashill respectivement. Parmi les autres membres actifs du groupe on distingue
J. Muylaert, D. Jones, V. Schmitt, H. Kémer, E. Stanewsky, M. Onorato, U. Kaynak, M. Burt, S. Lekoudis, E. H. Hirschel et
D. Brown. C. Hirsch a suivi les activités du groupe pour le compte du Panel AGARD de Propulsion et d'énergétique (PEP).
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2-D AIRFOIL TESTS INCLUDING SIDE WALL
BOUNDARY LAYER MEASUREMENTS

BY

W. BARTELHEIMER, K.H. HORSTMANN
INSTITUT FUR ENTWURFSAERODYNAMIK
W. PUFFERT-MEIBNER
HAUPTABTEILUNG WINDKANALE

DEUTSCHE FORSCHUNGSANSTALT FUR LUFT- UND RAUMFAHRT
FLUGHAFEN
D-3300 BRAUNSCHWEIG

0. INTRODUCTION

The data presented in this contribution were obtained in the DLR Transonic Wind Tunnel Breunschweig.
The intent of the experiment was to provide data giving information on the developpment of the
TWB-side wall boundary layer in the presence of a typical transonic airfoil model for further in-
vestigation of the influence of the side wall boundary layer on 2-D airfoil measurements. For this
purpose boundary layer pitot pressures were measured in 13 different side wall positions around the
airfoil. Airfoil pressure distributions were obtained in several spanwise positions by stiding the
air€oil model in spanwise direction.

The test cases investigated correspond to the design flow conditions of the airfoil (Ma = 0.73,
a= 1,5 and to a low (a = 0°) and a high (o= 3.0°) Lift value at the same Mach number. For these
cases wall pressure distributions were measured on the centre slat of the top and bottom walls.
Additionally to the pressure measurements some oil flow pictures were made on the upper airfoil
surface and the adjacent wind tunnel side wall to get more insight in the structure of the flow.

In crder to have well defined wind tunnel boundary conditions for the evaluation by computationat
methods, the slotted top and bottom walls of the test section were closed for these specific tests.
This means, of course, that the presented airfoil pressure distributions do not correspond to free
flight conditions and are not comparable to wind tunnel results obtained in slotted or perforated
transonic test sections.

1. GENERAL DESCRIPTION

1.1 Model designation VA2-1
1.2 Model type 2-Dimensional airfoil
1.3 Purpose of tests Investigation of influence of wind tunnel

side wall boundary layer on 2-D airfoil
measurements at transonic speeds.

1.4 Dominant flow physics Change ot wall boundary layer parameters
under influence of airfoil flow field.
An example s shown in Figure 2.

1.5 Additional remarks The top and bottom walls of the test
section, which are normatly slotted for
airfoil tests, were closed for this
investigation,

2. DETAILS OF MODEL

2.1 Airfoil data Supercritical airfoil designed by VFW with
» thickness/chord ratio of 13X, Figure 1,
The dimensions of the modet are 200 mm
chord tength and 1 m span width.

2.1.1 Aspect ratio H

2.2 Geometric definition Measured airfoil coordinates see Table 1.
The model surface was painted and finished
to 8 surface roughness of about 3 microns.
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2.3

3.1

3.2

3.3

3.4

3.5

Model Support

. GENERAL TUNNEL INFORMATION

Tunnel designation

Organization

Tunnel characteristics

- Type

- Operating envelope

= Minimum run time

Test section

3.4.1 Model installation

3.4.2 Test section dimensions

3.4.3 wWall geometry details

Freestream conditions

3.5.1 Determination of reference
flow conditions
Total pressure

Static pressure

Total temperature

Static temperature

3.5.2 Tunnel calibration

The model was mounted through the tunnel
side wall turntables by means of aluminium
jaws and ptastic inserts shaped to fit the
airfoil contour, allowing the spanwise
variation of the pressure measurement
orifice plane of the airfoil.

Transonic Wind Tunnel Braunschueig (TWB)

Deutsche forschungsanstalt fir Luft- und
Raumfahrt e.V., Hauptabteilung Windkanile,
Abteitung Braunschweig.

Bl owdown

Mach number range: 0.3 to 0.95

Reynolds number ~ange: 3 to 12 million at
Ma = 0.7, based on 150mm chord length,
(see Figure 3).

7 seconds

Figure 4 shows the TWB-test section and
Figure 5 shows schematically the model
installation in reference to the locations,
where boundary layer values were measured.

0.34m x 0.6m x 2.8m

- Solid side walls
- Solid top and bottom walls,
divergence 0.25° each.
Top and bottom walls are normally slotted
with 2.35% open area ratio.

Measured at end of settling chamber by four
connected total probes.

Measured by wall pressure orifices in the
top and bottom walls 1.15m ahead of model
pitch axis.

Measured at end of settling chamber
(seme location as total pressure).

Calculated using isentropic flow equations

Empty tunnel cali'ration by longitudinal
static pressure measurements on centre
of top and bottom walls and static/total
pressure probe measurements at location
cf model pitch axis.

Flow angularity determined with airfoil
model installed in both normal and
inverted attitude.

Date of last calibration 1987
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3.6 Flow quality

4.1

4.2

4.4

3.6.1 Flow uniformity

3.6.2 Temperature variation

3.6.3 Flow unsteadiness

. INSTRUMENTATION

Model position

4.1.1 Geometrical incidence

4.1.2 Accuracy of geometrical incidence

Mode! pressure measurements

4.2.1 Number and disposition of
pressure holes

4.2.2 Range and accuracy of pressure
transducers

4.2.3 Dynamic pressures

Boundary layer and flow field measurements

4.4.1 Measurement technique

Al-3

Pressure coefficient variation over model
chord length : ¢ 0.0023

Mach number variation over model chord
length : ¢ 0.0009

Mach number variation during a run :
t 0.0015

variation of flow angutarity not measured

»

No temperature control during a run

Variation during a run : 2°/sec after
establishment of constant flow conditions.

Results of turbulence level measurements
will be available in August 1993.

The model is mounted in tunnal side wall
turntables, which are connected mechanically
and driven hydraulically. Model geometrical
incidence is measured with an incremental
angle encoder on the left turntable and a
bidirectional counter.

Model incidence setting : ¢ 0.02°

53 pressure orifices located in one cross
section plane, hole diameter 0.5mm.
Chordwise distribution of pressure orifices
see Figure 1 and Table 2.

Measured spanwise stations for a = 1.5°:
2,10,20,40,80,140,170,200mm from side wall.
Closest position to the wall (2 mm) was well
within the side wall boundary layer.
Spanwise stations for a = 0° and 3°:
10,20,40,200mm from side wall.

Figure 6 shows an example for the change in
pressure distribution in spanwise direction.

Model surface pressures and total pressures
of boundary layer :

Range t 310kPa (t 45psi)

Accuracy t 0.3kPe

Wall pressures :
Range + 35kPa (1 Spsi)
Accuracy & 0.035kPa

Not measured

Boundary layer measurements were made with
three different rakes consisting each of 22
total pressure probes and one static probe.
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4.4.2 Flow region investigated
4.4.3 Probe details
4.5 Surface flow visualisation
i

4.5.1 Measurement technique

4.5.2 Surfaces were flow is visualized

4.5.3 Form of data

4.7 Tunnel wall measurements

5. TEST MATRIX AND CONDITIONS

{ 5.1 Detailed test matrix

5.1.1 Number of test cases

5.1.2 Number of configurations

5.2 Model/tunnel relations

5.2.1 Blockage (frontal area)

N e it el

5.2.2 Model span/tunnel width

5.2.3 Wing area/tunnel cross section
5.2.4 Reight/chord ratio

5.2.5 Width/chord ratio

5.2.6 Adisbatic wall temperatures

N —a———y AR

8
5.3 Transition details
5.3.1 Form of transition
¥ 5.3.2 Details of fixed transition

All boundary layer measurements were made
on the left test section side wall at 13
different positions, see Figure 5.

Figure 8 shows the 3 boundary layer rakes !
used for the measurements :

Rake 1 for positions 1 and 2 (see Fig. 5)

Rake 2 for positions 3,4 and 6

Rake 3 for positions 5 and 7 to 13

0il flow technique

Upper airfoil surface and wind tunnel side
wall around airfoil model.

Photograph

Static pressure measurements in longitudinal
direction on the centre lines of top and
bottom wall, covering a range of 1.6m.

3

- Mach number : Ma =0.73
- Reynolds number : Pe = 6 million
- Model incidences : o = 0°,1,5°,3°

1

3.0
1.7

Not reached due to temperature drop during

tunnel starting up procedure and short

running time. Deviation from adiabatic wall

tenperatures is in the range of 15° to 25°,

depending on test run frequency.

The variation of model temperature during

the measurements itself is about 3° and 3
does not have a significant effect for 1
airfoil tests with fixed transition.

Fixed transition for all test cases

- Trensition trip strip 3mm wide at 5%
chord location on upper and lower
surface, formed with a row of 7 layers
of Letraset triangles (total hight

Erenrl

0.032mm) . ¥
- Effectivness was verified by infrared A
image technique for same configuration ! ;
and same flow conditions in earlier i
tests, which showed that transition x
-

occured at 6X chord (Ref. 8.2).
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6. DATA

Y e

4 6.1 Availability of data !
6.1.1 Organization owning the data DLR

6.1.2 Person responsible for data W. Puffert-Meidner
Hauptabteilung Windkanite
Deutsche Forschungsanstalt fur Luft- und
Raumfahrt
Flughafen
3300 Braunschweig

Tel 0531 3952422
Fax 0531 3952829

6.1.3 Data are freely available

6.2 Suitability of data for CFO validation

6.2.1 Data are suitable for "in-tunnet®
calculation.

6.2.2 Data not correctec to simulate “free-air"
conditions. Computed magnitude of blockage
is AMa = 0.024 for this test case (closed
top and bottom walls).

6.3 Type and form in which data are available

6.3.1 Type and form of data Airfoil pressure distributions (pressure
coeficients).
Normat lift and pitching moment

t coefficients,
. Side wall boundary layer pressure
: distributions (ratio of boundary layer
total pressure to tunnel reference total v
pressure).
Calculated boundary layer displacement
and momentum thickness.
Test section wall pressure distributions
(pressure coefficients) .
Flow visualisation data (photographs)

Printed form
Floppy disk (ASCII file)

6.3.2 Data carrier

6.4 Corrections applied to data No corrections applied to airfoil data and
side wall boundary layer total pressures.
Correction of static pressures measured
with boundary layer rakes (calibrated
against empty tunnel side wall pressure).
Correction of tunnel wall pressures with
empty test section pressure distribution.

7. DATA ACCURACY

7.1 Estimate of accuracy

Mach number : ¢ 0.001
Model incidence : ¢ 0,02°

7.1.1 Free stream conditions

Lift coefficient
Moment coefficient
Pressure cosfficient
total pressure ratio
(boundary layer)

7.1.2 Messured data

e ss e ee
L2 g
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7.2 Repeat measurements

7.3 Redundant measurements

e ]

REFERENCES

8.1 On the wind tunnel

8.2 On the model

8.3 On the particular test and

test results

9. LIST OF SYMBOLS

Ma Mach number
Re Reynolds number
Po Total pressure

Pstat Static pressure

Cp Pressure coefficient

Cn Normal force coefficient
Cm Pitching moment coefficient
51, Boundary layer displacement

delta-1 thickness

52, Boundary layer momentum
delta-2 thickness

x/l

2/

XGR

HGR

During each wind tunnel run (corresponding
to one particular angle of incidence) three
complete data sets were measured, from which
one was selected. An example is shown in
Figure 7.

No redundant measurements were made

Puffert-MeiBiner W.

The Transsonic Windtunnel (TWB) at DFVLR
in Braunschweig (Status 1987).
ESA-TT-1114, 1988

Muller, R.

MeBergebnisse am Profil VA2 bei zwei
verschiedenen MeBstreckenkonfigurationen.
DLR-1B 129-90/11, 1990

Bartelheimer, W.

Experimentel te Untersuchung der
Seitenwandgrenzschichten im Transsonischen
Windkanal Braunschweig (TWB).

DLR Studienarbeit Nr. 9172, 1991

Test section height

Coordinate in londitudinal direction
of test section from model pitch axis

Coordinate in airfoil spanwise direction
from left test section side wall

Airfoil chord position as fraction of
chord rom airfoil leading edge

Airfoil vertical profile coordinates as
fraction of chord from chordline

Angle of incidence of airfoil

airfoil chord length

location of boundary layer rake on test
section side wall in longitudinal
direction from model pitch axis

location of boundary layer rake on test
section side wall in horizontal direction
from side wall centre line
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TWB-TEST SECTION

FIGURE 5
LOCATION OF BOUNDARY LAYER MEASUREMENTS ON SIDE WALL
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MEASUREMENTS ON A TWO-DIMENSIONAL AEROFOIL
WITH HIGH-LIFT DEVICES

I.R.M.Moir
DRA Farnborough

0 INTRODUCTION

The tests detailed in this submission were carried out by
the former British Aircraft Corporation in support of the
National High Lift Programme. This Programme was a
collaborative project between the Royal Aerospace
Establishment Farnborough (now part of the DRA) and
the aircraft industry with the aim of increasing the
understanding and knowledge of all aspects of high-lift
systems, and to provide a fund of data which would
benefit the design of future transport aircraft.

Wind-tunnel tests were carried out on four models:

i) A 3-D half model (RAE)

(ii) a swept panel wing
(HSA Hatfield)

(iii) a quasi-2D (end-plate) model
(BAC Weybridge)

(iv) a 2D model (BAC Weybridge)

BAC Warton also carried out structural analyses on
various leading-edge and trailing-edge devices.

The present cases are results from the 2D tests which
covered investigations into two leading-edge and two
trailing-edge devices. The model had a supercritical
aerofoil section, a chord of 0.7635m, and was mounted
between turntables in the floor and roof of the BAC
396m x 2.74m low-speed wind-tunnel. Two-
dimensional conditions were maintained by local suction
around the wing/wall junctions. Surface pressures were
measured on all the components of the wing, at two
spanwise stations, one near the tunnel centreline and one
near the roof. These pressures were integrated to give
overall lift, drag and pitching moment coefficients. A
pitot/static traverse through the wake provided the total
momentum deficit. Traverses perpendicular to the wing
surface at various chordwise locations provided
information on wake and boundary layer development
and interacion. Flow visualisation was provided by
tufting of the wing surfaces.

1 GENERAL DESCRII'TION
1.1 Model name or designation

The model will be referred to as NHLP 2D.

1.2 Model type and flow conditions

The model consisted of a two-dimensional wing with
high-lift devices, designed for testing at low subsonic

speeds.

1.3 Design requirements and purpose of tests

The model was designed for tests on a wide range of
high-lift devices. The position and deflection angle of
these could be varied. Two-dimensional flow conditions
were maintained during tests by the use of local suction
at the wing/wall junctions.

1.4 Dominant flow physics

The performance of a high-lift wing is dependent upon
a stror.g interaction between the wakes and boundary
layers associated with each element (e.g. slat/wing/flap
etc.). Each downstream element enables the element
ahead of it to carry a higher lcad than it would in
isolation, due to the fact that i.s trailing-edge is situated
in the suction field of the downstream element; this
makes the pressure at the trailing-edge significantly
negative, so that, for a given pressure recovery, higher
peak suctions can be sustained. At the same time, the
wake from the upstream element can interact with the
boundary layer on the downstream element, thickening
the latter and producing earlier separation. The former
effect demands that the two elements be moved closer
together, while the latter requires the two to be
separated. This leads to the concept of optimum relative
positions of the elements of a high-lift aerofoil. These
mechanisms are illustrated in Fig 1 which shows typical
pressure distributions on a three element aerofoil,
together with wake/boundary layer profiles and
development, derived from these profiles. Also shown
is a typical plot of lift coefficient against angle of
incidence which illustrates the variation of C, with slat
position.

15 Additional remarks

The data offered here were gathered in the early 1970°s,
before CFD methods attained accuracy sufficient to
make the comparison between theory and experiment of
significance throughout the whole flow-field.
Unfortunately the data presented here consist only of
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surface pressures on the model and measuren.ents of
static and total head variation through the wake and
boundary layers at selected chordwise positions. Despite
this, the data form an unusually wide coverage of
different slotted high-lift systems at moderately high
Reynolds Number in a flow with an exceptionally high
degree of 2-dimensionality.

The technique of using wall suction, not only to prevent
the separation of side-wall boundary layers, but also to
reduce their growth substantially, has been proved in a
number of previous experiments'?, and leads to a flow
which is closely 2-dimensional. Since accurate data of
this type, with highly deflected flaps, are difficult and
expensive to obtain, this set should afford a vatuable
addition to the library of test cases available to AGARD
countries.

2 DETAILS OF MODEL
2.1 General geometric arrangement

Fig 2a shows the NHLP 2D model planform, and a
typical aerofoil cross-section.

22 Configurations
Fig 2b shows the alternative high-lift devices tested.

23 Wing and aerofoil data.

23.1  Planform
Span = 2.743m
Aspect ratio = 3,593
Area = 2.094m

232 Basic aerofoil section
Wing section: BAC 3-11/RES/30/21
Thickness/chord = 11%
Nose radius r/c = 0.0137
27 Geometric definition
The aerofoil profile was numerically defined, and the
design ordinates are provided. Tolerance on the profile
is $t0.13mm. Roughness data are not available.
28 Model support details

The model was mounted between turntables in the floor
and roof of the tunnel, as shown in Fig 2a.

282 Special features of mounting

Local suction was applied around the wing roots as
shown in Fig 2.

3 GENERAL TUNNEL INFORMATION
3.1 Tunnel designation

BAC Weybridge 3.96m x 2.74m

32 Organisation running tunnel:

British Aircraft Corporation(BAC)

3 Type of tunnel

Low-Speed, closed circuit.

Operating envelope: 12.2m/sec — 97.5m/sec
Maximum Re/m = 6.6 x 10°

34 Test Section

34.1  Test section details

Fig 3 shows the model in the tunnel working section.

342 Test section dimensions

3.96m x 2.74m x 6.35m
Corner fillet size: 0.762m x 0.762m approx.

343  Wall geometry details

Walls of working section were solid.

No wall static pressures were measured.

Boundary layer control was applied in the region of the
wing roots only.

Wall boundary layer total thickness was 88mm and
displacement thickness was 10.5mm approximately.

kX Freestream conditions
351  Reference pressure measurement

Total pressure was measured by a tapping in the
maximum section.

Static pressure was measured by a tapping at the
position shown in Fig 3. Positional corrections were
applied to these readings.

Static temperature was not measured.

352 Tunnel calibration

The tunnel was calibrated over three transverse planes
within the working section in the region of the model,
at a wind velocity of 30.5nvsec. A pitot-static tube with
an ellipsoidal head was traversed over a grid with
intervals 0.304m horizontally and 0.152m vertically.
The tunnel was last calibrated in about 1969.

e e e

[}




36 Flow Quality of empty tunnel

3.6.1 Flow uniformity

The static pressure varied approximately 0.4% over the
model chord, and insignificantly across the span.

The Mach number was held constant during a run.
The flow angularity was measured by a pitch meter.
The upwash at the model station was 0.23°.

Sidewash is not available.

362 Temperature variation

The tunnel temperature could not be controlled and
varied approximately 5°C during a run. The variation
within the tunnel is not available.

3.6.3 Flow unsteadiness

The tunnel turbulence factor was 1.068.
The noise level is not available.

4 INSTRUMENTATION
4.1 Model position
4.1.1 Measurement of geometrical incidence

The geometrical incidence was derived from the rotation
angle of the turntables.

412  Accuracy ofincidence measurement =10.05°.
4.2 Model pressure measurement

42.1 Number and disposition of pressure tappings
Fig 4a indicates the position of the pressure tappings on
the components of the model. Tappings are located at
two spanwise stations as shown in Fig 2a.

422 Range of pressure transducers

Statham unbonded strain-gauge type pressure
transducers were used with ranges matched to the
expected pressures on the wing. 34.5kPa,17.2kPa,6.9kPa
and 3.4kPa ranges were used.

423 Dynamic pressures were not measured.

43 Force and moment measurement

43.1 Type of balance

No balance was used as sectional force and moment

coefficients were obtained from integration of the
pressure coefficients.

A2-3
44 Boundary layer and flow field measurements
4.4.1/2/3 Boundary layer measurements were made by
traversing a pitot/static probe normal to the wing
surface. Wake momentum deficit was measured by a
pitovstatic rake mounted downstream of the model on
a traversing rig which enabled it to be aligned with the
model wake, as shown in Fig 4b.
4.5 Surface flow visualisation.
4.5.1/2 Surface flow visualisation was carried out by
means of wool tufts attached to the surface at various
locations on the wing and leading and trailing edges.
4.53 Results of flow visualisation

These are in the form of photographs, but cannot be
made available.

5 TEST MATRIX AND CONDITIONS

5.1 Detailed test matrix

5.1.1  Number of selected test cases

Eight test cases are offered, consisting of surface

pressure measurements and boundary layer traverses at

two angles of incidence for one configuration, and at

three angles of incidence for two other configurations.

Note that not all boundary layer traverse positions are

covered at each angle of incidence. The configurations

offered are listed in 5.1.2.

§.12  Configurations tested

The configurations tested were:

i) L1 slat (12.5%) at 25° + T2 single-slotted flap
at 20°

(ii) L1 slat + T7 double-slotted flap at 40°

(iii) L1 slat + T8 triple-slotted flap(7.5°,40°,20°)

513 Test matrix

A full test matrix is given in Table 1.

82 ModeVtunnel relations

5§2.1 Maximum blockage

Maximum solid blockage = AU/U, = 0.00169

522 Model span/tunnel width = |

523 Wing area/tunnel cross section

S/C = 0.215 approx (area of fillets has been estimated)

)
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524  Tunnel height/chord ratio = 3.593
§25 Tunnel width/chord ratio = 5.190
53 Transition details

§3.1 Transition was fixed on the wing upper and
lower surfaces.

532 At high-lift the upper surface transition was
forward of the transition fix due to a short laminar
bubble near the leading-edge.

533  Details of the transition fixing is shown in
Fig 5. No data are available on the effectiveness of the
fixing, apart from as stated in 5.3.2.

6 DATA

6.1 Availability of data

6.1.1  Organisation owning the data
Defence Research Agency, Farnborough
6.12  Person responsible for the data

Dr D.S.Woodward,

Superintendant AP3 Division,
Aerodynamics & Propulsion Dept.,
X80 Building,

Defence Research Agency,
Farnborough,

Hampshire GU14 6TD

United Kingdom

Tel: 0252-395377

Fax: 0252-377783

6.13  Availability of data
The data specified in this document are freely available.
62 Suitability of data for CFD validation.

62.1 Data are suitable for ‘in tunnel’ calculation,
although no wall pressure data are available. Data are
corrected for solid blockage, and by a simple correction
to incidence to represent the effect of wall constraint as
follows:

Aa = 0.0693(C,, +4C°

No camber or wake blockage corrections have been
applied, but full incidence polars will be supplied for
the calculation of these quantities.

622 Data are comrected to simulate ‘free-air’
conditions.

63 Type and form in which data are available.

6.3.1 Details are given in Table 2 of the form in
which the various components of the data exist.

Freestream velocity is corrected for solid blockage.

Pressure coefficients are based of freestream dynamic
pressure, corrected for solid blockage.

Force and moment coefficients are based on corrected
freestream dynamic pressure, and are also corrected for
wall constraint, as detailed in 6.2.1.

6.3.2  Atthe time of the preparation of this document
the data were only available in printed form, but were
being prepared for availability on floppy disk.

6.3.3/4 Extent of data

This was not available at the time of preparation of this
document.

64 Corrections applied to data.

6.4.1 Lift interference and blockage correction
The data are considered to be globally correctable.
Classical correction methods are applied according to
Ref 4.

Dynamic pressure, angle of incidence, and pressure
coefficients are corrected. Some uncorrected data may
be available.

6.42 Side wall interference corrections

The wall boundary layer was removed by suction in the
region of the model.

6.45 Aeroelastic deformation

This was not measured as the model itself was rigidly
mounted and the high-lift devices were mounted on 10
brackets which minimised deformation.

6.4.6 It is not known if corrections were made for effect
of wake traverse, etc. No measurements were made to
determine the effect of bracket wake on the flow.

7 DATA ACCURACY AND
REPEATABILITY ASSESSMENT

71 Accuracy estimates
7.1.1  Free-stream conditions

Mach number - +0.5%
Flow velocity - as Mach No
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; Angle of incidence - £0.05°
£
’ 7.12  Measured data ;
Forces and moments - !
Cy $0.12%
C. +0.2%
Ca $0.15%
Pressure coefficients -  $0.1%
72 Repeat measurements.
72.1  Type and number of repeats during one test
series
Unknown Y
722  Type and number of repeats in successive
tests
Unknown
74 Other tests on the same nominal geometry.
74.1  The model was not tested in any other tunnel.
742 Related models have been tested in other
i tunnels - see Introduction.
8 REFERENCES 1
1. D.N.Foster The Two-Dimensional Flow
HP.AHIrwin  around a Slotted Flap.
B.R.Williams R&M 3681 1971
LR.M.Maar The Measurement and
D.N.Foster Analysis of the
D.R.Holt Profile Drag of a Wing with
Slotted Flap. s
RAE TR 71158 1971
D.N.Foster The nature, development, and s
P.R.Ashill eficst of the Viscous Flow ?
B.R.Williams  around an Aerofoil with High
Lift Devices. :
RAE TR 72227 1972 |
H.C.Garner Subsonic Wind Tunnel

E.W.E.Rogers  Corrections
W.EAAcum AGARDOGRAPH 109
E.C.Maskell October 1966
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TABLE 1

Case Slat Flap U, q Re Notes
No. ns kPa x10*

1 L1 T2 67.0 275 3.52 | Optimum slat position. Boundary layer
traverse at o = 4°,

at 25% wing chord,shroud v/e,50% flap
chord,flap te.

2 L1 T2 67.0 2.75 352 | Optimum slat position. Boundary layer
traverse at a = 20°,

at 25% wing chord,shroud t/e,50% flap
chord,flap te. 4

3 L1 T7 549 1.85 2.88 Boundary layer traverses at o = 3°, at
37.2% wing chord, aft of flap trailing
edge. 1

4 L1 T7 54.9 1.85 2.88 | Boundary layer traverses at a = 17°, at
37.2%,80%,91% wing chord,

50% vane chord,

50%,75% flap,aft of flap trailing edge.

5 L1 T 54.9 1.85 2.88 | Boundary layer traverses at o = 19°, at
37.2%,80%,91% wing chord,

50% vane chord,

50%.75% flap,aft of flap trailing edge.

6 Lt T8 54.9 1.85 2.88 | Boundary layer traverse at o = 3°,
aft of flap trailing edge.

7 L1 T8 54.9 1.85 2.88 | Boundary layer traverse at o = 15°, ¢
aft of wing shroud te, flap shroud
ve, flap ve.

8 L1 T8 54.9 1.85 2.88 | Boundary layer traverse at a = 17°,
aft of wing shroud ve, flap shroud
ve, flap te.

Notes: Surface pressures measured and wake traverse for all cases.
Re is based on retracted chord of 0.7635m.

TABLE 2
Data Engineering Coefficients Normalised Uncorrected Corrected
Units :
Freestream Yes - - - Yes 2
Conditions i
Surface No Yes No No Yes
Pressures
Forces Mo Yes No Yes Yes
b/ Data Yes Yes No No Yes
Wake Data Yes Yes No No Yes
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Vau
/
/
/
. /
LE suction box Flap suction  /
box . /
K\““*{«
//
s il LN y

\
\ B }
N 025in
= T e e el — ——— — —
LE box... Wing box... Wing suction box  Fiap pox...
Gauze area 3.85sqin  Gauzearea 7.70sqin Gauze area 6.69 sqin
Openarea 1.46s3gin Openarea 2.96sqin Openarea 2.54 sqin

The porous area of 2ach box is sealed by cover plates and tape to leave only the open
strip along profile upper surface as shown in sketch
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Fig 4a Positions of pressure tappings on wing surface
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INVESTIGATION OF THE FLOW OVER A SERIES OF 14%-THICK
SUPERCRITICAL AEROFOILS WITH SIGNIFICANT REAR CAMBER

P.R. Ashill
Defence Research Agency
Bedford, MK41 6AE, UK

0 INTRODUCTION

The experiments described in this submission were
performed on various aerofoil sections, all of 14%
thickness/chord ratio and with significant rear camber.
The main aim was to obtain an improved understanding
of viscous effects on flows over aerofoils with severe
adverse pressure gradients. Such gradients can be
found at the rear of aerofoils with significant rear
camber and at the foot of shock waves.

The tests were performed in the 8ft x 8ft Pressurised,
Subsonic/Supersonic Wind Tunnel at the Defence
Research Agency (DRA, formerly the Royal Aerospace
Establishment) Bedford between November 1976 and
February 1982. This wind tunnel has solid walls and,
since the aerofoil chord to tunnel height is relatively
large (0.26), the data are strictly not correctable. This
was recognised from the outset, the main concern of
the investigation being with studying flows rather than
performing tests on a prescribed shape. However, the
wall boundary conditions are well defined and so the
data may be useful for validating CFD codes which
include allowance for the wind-tunnel walls. In
addition, measurements were made of the static
pressures on the roof and floor of the working section,
providing an independent check on the accuracy of the
representation of the walls in any CFD method.
Despite the caveat above about correctability, it is
believed that the cases presented having weak shock
waves may be used to assess free-air calculation
methods provided that allowance is made in the
calculation for wall-induced camber. Cases suitable for
such work are highlighted in Section 6.2 where details
are also given of the camber correction.

1 GENERAL DESCRIPTION
1.1 Model name or designation

Model 2058, 2D aerofoil model with various
trailing-edge shapes aft of 65% chord.

1.2 Model type and flow conditions

2D aerofoil. Subsonic free stream. The tests include
examples with shock waves and with separations near
the trailing edge.

1.3 Design requirements, purpose of test

The model had aerofoil sections of 14% thickness chord
ratio and was designed so that the section aft of 65%
chord could be changed. This allowed flows with rear
pressure distributions of differing form and with
gradients of varying degrees of severity to be studied.
Three classes of pressure distribution on the rear 40%
to 50% chord were investigated, as illustrated
schematically in Fig 1. As shown in Fig 1, six aerofoils
with pressure distributions on the rear of the upper
surface of the 'convex’ type were studied. For this type
of pressure distribution, the pressure gradient becomes
increasingly adverse towards the trailing edge. Of these
six aerofoils, three had aerodynamically-sharp trailing
edges and the remaining three had blunt bases. The
solitary section with a 'two-part’ rear pressure
distribution (ie with the pressure rising towards the
trailing edge in two stages or parts) had a blunt base of
4% thickness. Two sections were tested with "relaxing’
pressure distributions (ie with pressure gradients
decreasing towards the trailing edge). All the aerofoil
sections were designed to have similar boundary-layer
characteristics on the lower surface.

14 Dominant flow physics

The dominant flow physics are a) turbulent boundary
layers in large adverse pressure gradients (Fig 1), b) the
interactions between these boundary layers and the
inviscid flow and c) shock waves on the upper surface
with, in some cases, associated separations.

2 DETAILS OF MODEL(S)

2.1 General geometric arrangement

A general arrangement of the model with a typical
aerofoil section (RAES22S) is shown in Fig 2. This
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figure illustrates the detachable trailing edge, noted
above, and the air-injection technique' used to 'fix’
boundary-layer transition on both surfaces. The layout
of the model in the working section, showing the
relative streamwise positions of the model, the wake
rake, used to determine drag, and the static pressure
tappings in the roof and floor of the test section are
shown in Fig 3.

2.2 Configurations See Fig 1.
2.3 Aerofoil section data

2.3.1 Planform

Model chord = 0.635m
Model span = 2.438m
Model aspect ratio =3.84

2.3.2 Basic aerofoil sections

See Fig 1. All the sections had a thickness/chord ratio
of 14% and a nose radius to chord ratio r/c = 0.0144.

2.7 Geometric

The shape of each section is defined numerically. Both
design and measured ordinates are given. The errors in
shape are in the region of 0.1mm (0.00015 x chord).
Surface finish is within the range 0.1 - 0.2um.

2.8 Model support details

The model was mounted in a rotating mechanism on
one side of the working section and was free to rotate
in a bearing on the other side.

3 GENERAL TUNNEL INFORMATION

3.1 Tunnel designation

8ft x 8ft Pressurised, Subsonic/Supersonic Wind
Tunnel.

3.2 Organisation running the tunnel

Defence Research Agency

(formerly Royal Aerospace Establishment),
Aerodynamics and Propulsion Department,
Bedford,

MK41 6AE, England

33 Tunnel characteristics

Type of tunnel: continuous flow, closed circuit.
Operating envelope: See Fig 4

3.4 Test section

3.4.1 Test section details See Fig 3
3.4.2 Test section dimensions
2.44m x 2.44m x 14m.

3.4.3 Wall geometry detalls

Type of walls: solid, flexible upper and lower walls for
supersonic operation. Shapes of upper and lower walls
are set for subsonic tests in such a way as to minimise
the pressure gradient on the centre line when the test
section is empty’. Wall pressures are measured along
the centre lines of the roof and floor (Fig 3). Typical
wall boundary-layer displacement thickness: 19mm. For
further details see Ref 3.

35 Free-stream conditions
3.5.1 Reference conditions

Total pressure: Determined using a pitot in the settling
chamber and a ’Midwood’ self-balancing capsule
manometer of range 400kPa and accuracy +0.03% full
scale. Static pressure: The reference static pressure
tapping is on the centre-line of the sidewall at
x = -4.58m, where x is distance along the tunnel axis
downstream from the model leading edge (Fig 3). The
differential 'Midwood’ manometer used for this
measurement was of range 100kPa and accuracy 0.03%
full scale. Static temperature: This is inferred from total
temperature measured to an accuracy of +0.1K by a
probe in the settling chamber.

3.5.2 Tunnel calibration

Measurements were made of static pressures on the
centre-line of the roof and floor of the test section
(Ref 2) using differential 'Midwood' manometers of
range +100kPa and accuracy +0.03% full scate. The
last calibration was performed (using electronic scanning
of pressure transducers) in October 1991, calibrations
being performed annually.

36 Flow quality
3.6.1 Flow uniformity

For static pressure variations along the model axis see
Ref 2, but typically ACp = 0(0.0001) with the diffuser
choked, as in the present tests. The variation of
(uncorrected) Mach number during a run is within
0.001.

Average flow angularity has not been determined for the
present tests. However, it is routinely determined for
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sting-mounted complete models by comparing force
measurements made with the model erect and inverted.
Some data on flow angularity has also been obtained
for typical swept-wing half models (mounted in the
same way as in the present case) by testing a model
with a horizontal plane of symmetry. In both cases, the
implied average downwash angle has been found to be
up to about 0.03°.

3.6.2 Temperature variation

The temperature is controlled during the run by altering
the flow of water through the cooler in the settling
chamber. Temperature can be controlled to within
0.5°. Temperature variation within the tunnel is not
known.

3.6.3 Flow unsteadiness

Overall turbulence level is not known but overall noise
level is typically C,.. = 0.004. For further
information on the noise characteristics of the wind
tunnel see Ref 3.

4  INSTRUMENTATION
4.1  Model position

Geometrical incidence is measured by a digital encoder
attached to the mechanism for rotating the model. The
datum for these measurements is determined using an
accurate electro-level meter. The accuracy of the
setting is estimated to be $0.005°.

4.2 Model pressure measurements

There are 50 static-pressure measurement holes on the
centre line of the model and 11 holes at stations about
one chord cither side of the model centre line. The
differential pressure transducers used for these
measurements were of range 100 kPa with an
accuracy of £0.05% full scale.

No dynamic pressure measurements were made.
4.4  Boundary layer and flowfield measurements

Mean-flow boundary-layer profiles were measured at
four chordwise locations on the lower surface of the
RAE 5225 acrofoil (57%, 65%, 72.5% and 80%
chord). Static and total pressure probes were mounted
off the centre-line of the model with the two types of
probe displaced spanwise relative to each other as
shown in Fig 5. This permitted the simultaneous
operation of four probes during a given tunnel run.
Each of the probes was circular in cross section, the
pitot tubes having an outside diameter of 0.5mm and an
inside diameter of 0.3mm, while the static tubes were
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of !mm diameter. The traversing gear used for these
probes is shown in Fig 5.

Static and total pressures were also measured in the
boundary layers at 99% chord above the upper surface
and below the lower surface of the aerofoil RAE 5225
using the probe installation shown in Fig 6. The
installation comprised two pitot tubes of circular cross
section and of inside and outside diameters 0.3mm and
0.5mm. The static tubes were of 1mm diameter.

Skin friction measurements were made on the RAE
5225 aerofoil using the razor-blade technique®. In this
method, razor blades, cut to an appropriate shape, were
glued to the model surface over selected static pressure
holes and ‘surface’ pitot pressures were measured
during a dedicated tunnel run. “hese were then used, in
conjunction with static pressures measured in a normal
run (ie without razor blades), to evaluate skin-friction
coefficients, using the calibration of Gaudet given in
Ref 5. Measurements were made at 13 positions on the
upper surface and 11 positions on the lower surface.
Details of the positions of these measurements are
given, along with the data, on floppy disk.

Pitot and static pressures were measured in the wake at
the vertical plane of symmetry at about two chords
downstream of the model. The rake of tubes used for
this purmose comprised 91 pitot tubes; the central 81
tubes were at 6.35mm pitch and the remaining 10 at
intervals of 12.7mm. Two static tubes were used, with
one at each extremity of the rake.

As with the model pressure measurements, all the
pressures for boundary layer and flowfield surveys were
measured with differential pressure transducers of range
+102kPa with an accuracy of +0.2% full scale.

4.5  Surface flow visualisation

Surface oil flows were performed by ejecting oil
through static holes aft of 65% chord on the lower
surface of the aerofoil RAE 5225. These visualisations
were photographe: using cameras in the tunnel roof.
4.7  Tunnel wall m~_surements

4.7.1 Types of Measurements

Measurements were made of static pressures on the
centre line of the roof and floor of the test section at the
positions shown in Fig 3.

5 TEST MATRIX AND CONDITIONS

5.1  Detailed test matrix

Results for a total of nine test cases are available,
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including examples of all three types of rear pressure
distribution on the upper surface. These are
summarised below Table I which presents the details of
the various test cases.

5.2  Model/tunnel relations

5.2.1 Maximum blockage

AM = 0.015 for the selected test cases.

5.2.2 Model span/tunnel width

The model spans the tunnel.

5.2.3 Wing area/tunnel cross section area

0.260

5.2.4 Height/chord ratio 3.84

5.2.5 Width/chord ratio 3.84

5.2.6 Wall temperatures

Model temperature was not measured but tunnel
temperature was controlled so that excursions of model
recovery temperature were minimised.

5.3 Transition details

The tests were made with transition ’fixed’ at 5%
chord on both surfaces using the air-injection
technique'. For details of the size and spacing of the
holes through which the air was emitted see Fig 2. The
technique was verified by varying the amount of air

supplied to each surface and noting the variation of
drag with air mass flow’.

6 DATA

6.1 Availability of data

6.1.1 Organization owning data
Defence Research Agency, Bedford.
6.1.2 Person responsible for data

Dr P R Ashill

Aerodynamics & Propulsion Department
Building 17

Defence Research Agency

Bedford, MK41 6AE

England

Tel. 44 234 225804

Fax. 44 234 225848

6.1.3 Availability of data
Data specified in questionnaire are available.
6.2 Suitability of data for CFD validation

The data are suitable for validating 'in tunnel’
calculations methods. The data are, however, corrected
to 'free-air’ conditions. Details are provided of the
corrections made for blockage and wall-induced angle of
incidence. Some of the cases given in Table I are
believed to be suitable for assessing 'free-air’ codes.
These cases (A, Bl, Cl, D and E) cither have
essentially subcritical flows, or weak shock waves, for
which chordwise variation of wall-induced upwash that
is characteristic of solid-wall tunnels can be catered for
by changing the camber of the aerofoil in the CFD
calculation’. The non-dimensional increment applied to
the aerofoil camber ordinate is written as:

8Z = % %(%)Zxa-n

where c/h is aerofoil chord to tunnel height ratio.

Cu is normal force coefficient.

X is distance along aerofoil chord from
leading edge, made non dimensional
by aerofoil chord.

B V(1 - M? and M is free-stream Mach

number.
6.3 Type and form in which data are available

6.3.1 a) Free stream
Mach number corrected for tunnet wall (roof
and floor) interference.

b) Pressure

Cocfficients based on free-stream dynamic
pressure, corrected for tunnel wall (roof and
floor) interference, and model chord.

) Forces

Coefficients based on free-stream dynamic
pressure, corrected for tunnel-wall (roof and
floor) interference.

d) Boundary Layers

Thickness: Displacement and momentum
thickness are determined using the alternative
definitions given in Ref 6 which allow for the
variation in static pressure across th.e boundary
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layer normal to the surface of the moedel. The
method used to extrapolate the measured
profiles, to facilitate accurate determination of
the boundary layer thickness, is as described in
Ref 6. In the data presented the boundary-layer
thicknesses are made non-dimensional by
aerofoil chord.

Profiles: The local velocity is referred to the
velocity of a hypothetical flow having the same
static pressure as that measured at the wall, but
with a total pressure equal to that at the edge
of the boundary layer. In determining this
velocity ratio, it is assumed that total
temperature is constant through the flow
measured. Velocity ratio and static-pressure
coefficient are determined at approximately 30
points at roughly even intervals of log,, (y),
where y is distance from and normal to model
surface.

6.3.2 Data Carrier

Available on floppy disc.

6.4  Corrections applied to data

6.4.1 Lift interference and blockage correction

Two methods were used to determine blockage, one
using a model representation (due originally to
Goethert”) and the other a two-component method®. The
results obtained by these independent methods have
been found to be in good agreement. In the
two-component method the effect of the wall boundary
layer on the normal component of velocity is ignored
but a limited number of checks indicated that this
contribution is negligible. The corrections for blockage
have been obtained by the model representation
method.

The correction to angle of incidence is obtained using
linear theory; these corrections have been shown to be
in good agreement with corresponding values given by
the two-component method.

6.4.2 Side wall interference corrections

No corrections have been applied to either Mach
number or angle of incidence for this effect. However,
calculations made using a modified version® of the
Barnwell/Sewall method'®!" suggest that the correction
to Mach number is probably less than 0.001.

6.4.5 Aeroelastic deformation

Owing to the fact that the model was free to rotate at
one end, it was able to twist under load. The amount of
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twist was determined from a prior static loading and by
inferring the loads acting on the model during the test
from the pressure measurements. The calculated
reduction in angle of incidence at the centre-line of the
model is between 0.01° and 0.08° for the cases
considered (Table I). This change in angle is applied as
a correction to model angle of incidence. The twist over
the central 50% span of the model is about half the
value of the change in incidence at the centre-line.

7 DATA ACCURACY AND REPEATABILITY
ASSESSMENT

7.1 Estimated accuracies
R, =20x 10

Free stream conditions

Mach number = $0.001
Incidence = 40.03°
Pressure and Forces

Cp = $0.002
Lift coefficient = +0.002
Drag coefficient = +0.0001
Pitching moment coefficient = +0.002

7.2 Repeat measurements

Good repeatability has been obtained both within and
between test campaigns. For example, drag coefficient
has been shown to repeat to within about +0.0001
(Fig 7) and pressure coefficient to within about +0.001
between campaigns performed a number of years apart,
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IDENTIFICATION CONDITIONS POSITION OTHER INFORMATION
CONF/RUN/ | Mach q Re x a® C, Types of Remarks
NO. DP No. | kpa .—ILL._M
e — P ——— |
A 25/1/1402 | 0.598 | 55.9 19.99 | 1.38 | 0.433 a,b RAE 5225
Bl 25/1/1426 1 0.735 | 194 6.03 | 1.16 ]| 0.403 a,b,c RAE 5225
B2 25/1/1436 10.737 | 19.5 6.04 | 2.33 |0.659 a,b RAE 5225
B3 25/1/1378 | 0.734 | 65.87 | 19.97 | 0.85 |0.407 ab RAE 5225
B4 25/1/1389 10.736 | 66.10 | 20.03 | 1.97 |0.640 a,b RAE 5225
C1 330/2/2210 {0.735 | 18.9 6.02 | 1.16 |0.443 a,b RAE 5230
C2 330/2/2221 |0.736 | 18.9 6.02 | 2.34 [0.706 a,b RAE 5230
D 536/1/19 0.734 | 185 6.04 | 1.28 |0.410 a,b RAE 5236
E 534/2/766 10.734 | 193 6.04 | 0.90 {0434 a,b RAE 5234
Notes:

A37

1

Types of measurements: a) Pressure measurements on model and wind-tunnel walls, b) Measurements

of total and static pressure in the wake, and c) Mean-flow measurements in the boundary layer on the model.

2

3

The flows may be defined as follows:

A: A case with uniformly subcritical flow and a suction peak on the upper surface near the leading
edge, RAE 5225 (Fig 8).

B1: A flow with a weak shock wave on the upper surface, subcritical flow on the lower surface. A
limited region of separation is expected upstream of the trailing edge on the upper surface, RAE 5225
(Fig 9).

B2: A flow with a shock wave of moderate strength on the upper surface and a limited region of
separation is expected just upstream of the training edge on the upper surface, RAE 5225 (Fig 10).

B3: Similar to Flow Bl but with attached flow on the upper surface, RAE 5225.
B4: Similar to Flow B2 but with attached flow on the upper surface, RAE 5225,

C1: Similar to Flow Bl but with more extreme tendencies towards separation on the upper surface,
RAE 5230 (Fig 11).

C2: Similar to Flow B2 but with more extreme tendencies towards separation on the upper surface,
RAE 5230 (Fig 12).

D: Similar to Flows Bl and C1 but with a different form of rear pressure distribution on the upper
surface, RAE 5236 (Fig 13).

E: Similar to Flows B1, C1 and D but with a different form of rear pressure distribution on the uppaer
surface, RAE 5234 (Fig 14).

The figures illustrating pressure distributions for these flows also contain predicted pressure distributions

by the BV(3K transonic aerofoil theory and by the VGK or 'standard theory >,
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Surface Pressure and Wake Drag Measurements on the Boeing 24 Airfoil in the IAR
1.5X1.5a Wind Tunnel Facility.

D.J.Jones and Y.Nishimura
IAR/NRC, Ottawa, CANADA

0 Introduction.

This 10.2% maximum thickness to chord
airfoil has become a standard airfoil
for Boeing wind tunnel tests in the
IAR 1.5X1.5m facility. In order to
study wall constraint effects,
several different chord lengths have
been used in the narrow span (38.1lcm)
IAR facility and a 30.5 cm chord
model was tested in the 1.5m wide
facility. The latter data from the
wide span facility are presented
here. This data has a small sidewall
correction while the upper and lower
walls are accounted for using Mokry'’s
wall correction procedures.
Transition was fixed at 10% and all
runs were made at a chord Reynolds
number of 14 million. The tests were
carried out in June-July, 1991.

1. GENERAL DESCRIPTION.
1.1 Model name
Boeing A4 airfoil

1.2 Model type and flow conditions
2-D airfoil. Subsonic free stream
usually with supercritical flow.

1.3 Design requirements, purpose of
test

The design philosophy, at the
supercritical design condition, was
to accelerate the flow rapidly on the
upper surface and gradually lower the
speed so that the shock is quite
weak. High aft loading was also an
aim. The test was conducted
specifically to obtain accurate data
for validation purposes, both for CFD
and for comparing to results in the
narrow span (38.lcm) facility at IAR.

2. DETAILS OF MODEL

2.1 General geometric arrangement
Fig 1 shows the IAR 1.5mX1.5m tunnel
and the airfoil model as installed is
shown in Fig 2. The end plates (or
flow splitter plates) between which
the airfoil was mounted are shown as
is the yoke system to pitch the
airfoil. These end plates were
installed to limit the size of the
sidewall boundary layer. The wake
rake to measure wake drag (if mounted
vertically) and to check for two
dimensionality of the flow (if
horizontal) is also shown. Fig 3
shows the airfoil cross-section.

o ——

2.2 Configurations Only one
configuration

2.3 Airfoil section data

2.3.1 Planform
1.358m span with 0.305m chord gives
aspect ratio of 4.452

2.3.2 Basic airfoil section
Fig 3 shows the airfoil cross section
- 10.2% maximum thickness/chord
- Nose radius/chord approximately
0.0167

2.7 Geometry

Airfoil defined numerically.

Design coordinates shown in Table 1
Tolerances $0.007cms

Surface roughness 0.41 microns

2.8 Model support details
Model supported by spuds housed in
bearings at both ends of the model

3 GENERAL TUNNEL INFORMATION

3.1 Tunnel designation
IAR 1.5X1.5m pressurised trisonic
wind tunnel

3.2 Organisation running the tunnel
Test conducted by the High Speed
Aerodynamics Laboratory of IAR

3.3 Tunnel characteristics
Blowdown tunnel. Trisonic
(0.15<M<4.25), high Reynolds number
(up to 70 million per metre)
facility. Run time 7 to 170 secs.

3.4.1 Test section details
Fig 2 shows the mounting of the model
and relevant features.

3.4.2 Test section dimensions
1.5X1.5 metre test section

3.4.3 Wall geometry details

Slanted porous upper and lower walls
with 2% porosity, wall pressures are
measured and are available on the
floppy disk.

Sidewall boundary layer is not
controlled but grows along the solid
endplates. Typical sidewall boundary
layer thickness is 3.0mm at the model
location.
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3.5 Freestream conditions

3.5.1 Reference conditioans

Total pressure was measured at inlet
to test section. Static reference
pressure was measured at a wall
orifice located 1.638m upstream of
the airfoil pitch axis (which is
11.76 cms from the airfoil leading
edge) near the tunnel ceiling’s
centreline. Stagnation temperature
was measured by a thermometer in the
settling chamber. Static temperature
was obtained by calculation, assuming
isentropic flow.

3.5.2 Tunnel calibration

Empty tunnel pressure surveys on
ceiling, floor, sidewall (splitter
plates). Sidewall boundary layer
thickness measured by a 24 probe
rake.

3.6 Flow quality

3.6.1 Flow uniformity (empty tunnel)
Static pressure variation $0.02psi
over model 1length.

Mach number variation negligible over
model length.

Mach number variation during a run
$+0.001.

Flow angularity not measured although
the normal 1.5m transonic test
section has a downwash of 0.25°; this
may not be true with the splitter
plates installed. It 1is suggested
that fixed 1lift be used for CFD
validation.

3.6.2 Temperature Variation
2 deg K

3.6.3 Flow unsteadiness

Turbulence 1level about 0.5 to 0.6%
for the transonic range. The limited
flow viz indicated that transition in
these cases was at the 10% x/c
distance from the leading edge i.e.
at the fixed transition location.
Noise level (Ap/q)rms=0.01 at M=0.4
to C.8

4. INSTRUMENTATION
4.1 Model Position

4.1.1 Geometrical incidence measured
using potentiometers and
accelerometer (average taken).

4.1.2 Accuracy of geometrical
incidence from potentiometers :0.03°
but note empty tunnel upwash/downwash
not measured.

4.2 Model pressure measurements

4.2.1 80 pressure holes (see fig 3)
at each of 3 spanwise locations; one
near centreline (5 cms to port side),
one 38 cms to port and the last 51

cms to starboard. Only the first of
these is on the floppy disk and some
bad pressures were eliminated leaving
70 surface pressures for each scan.

4.2.2 Kulite 1379 kPa (200psia)

transducers {range 1138 kPa
(165psia)), accuracy +0.69kPa
(x0.1psia)

4.2.3 No dynamic pressure

measurements were taken.

4.5 Surface flow visualisation
Fluorescent oil photographs of the
top surface were taken.

4.7 Tunnel wall measurements

4.7.1 Types of measurements
Pressures and wake rake drag.

4.7.2 Upper and lower wall pressures
recorded at 32 stations stretching
from about 1.8m forward to 0.96m aft
of model pitch axis which is 11.76
cmg from the airfoil leading edge.
Note that the pitch axis is the
origin for the rail pressures.

5. TEST MATRIX AND CONDITIONS

5.1.1 96 test cases, see Table 2,
are on the floppy disk. IAR suggests
computing the 13 cases as marked in
Table 2 for CFD validation. The bulk
of these cases are at the highest
lift for each Mach number. The 2
cases showing trailing edge
divergence (indicating separation)
will be particularly challenging.

5.1.2 One configuration only

5.1.3 All runs at chord Reynolds
number of 14 million with Mach
numbers of 0.6, 0.7, 0.72, 0.74,
0.76, 0.77, 0.78, 0.79, 0.80, 0.81.
Normally nine scans for each Mach
number from C =0 to about C/=0.7.
All with transition fixed aE 10%
chord on the upper and lower
surfaces.

5.2 Model/tunnel relations

§.2.1 Maximum blockage 2% based on
10.2% thick airfoil with 30.5 cm
chord

5.2.2 Span/width = 0.905 (endplates
mounted off the tunnel wall)

5.2.3 Wing area/tunnel cross section
area=0.18

5.2.4 Height/chord ratio=5

5.2.5 Width/chord ratio=4.454

5.2.6 Wall temperatures not
investigated

5.3 Transition details
For all the data, transition fixed at

108 chord on upper and lower
surfaces. A series of circular disks




nominally 1.27mm in diameter, 0.05mm
in height and spaced 2.54mm apart.
The effectiveness and the effect on
drag has been investigated in
previous studies but the drag quoted
here (from wake rake data) has not
been corrected for the transition
trip. Best estimates are that drag is
0.0002 high due to the disks.

6. DATA
6.1 Availability of data

6.1.1 Organisations owning the data
IAR and Boeing Commercial Airplane
Company (Seattle, WA)

6.1.2 Persons responsible for the
data
D.J.Jones or Y.Nishimura
High Speed Aerodynamics Laboratory
Institute for Aerospace Research
National Research Council
Montreal Rd.,
Ottawa K1A OR6
CANADA

6.1.3 Availability of the data
Data specified in Table 2 is on the
floppy disk.

6.2 Buitability of the data for CFD
validation

The data on floppy disk have been
corrected for upper/lower walls using
only the linear correction of Mokry
and Ohman (Ref 8.4.1). Table 4 gives
the Mach number fully corrected for
nonlinearity and for sidewall
interference and so is suitable for

‘free-air’ validation. It is
suggested to compare p/p, (stagnation
reference pressure) as these

quantities are invariant (they are
measured directly) with free stream
Mach number. If comparing Cp values
then they must be reevaluated, using
new values for p, as given below
using the ‘fully corrected’ Mach
numbers quoted in Table 4. The lift
coefficients also must be corrected
using the formulae:

P.,=(1+0.2+M)2 3

D ,=(1+0.2%M5) 35

c =c Peal
L, 2 L1 'y
.y

p.

where p, is the freestream pressure,
M is the freestream Mach number (with
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appropriate corrections) and
subscripts 1 and 2 refer to old and
new values of the variables.

Note that the data point at about
x/c=0.44 on the upper surface (see
Fig.4) is usually in error and should
be ignored. Also the pressure reading
at x/c about 0.1 in the floppy file
should be ignored as it is affected
by the traneition disks (it has
already been removed from Fig 4).

6.2.1 Data are not suitable for in-
tunnel computations since only
pressure is available as a boundary
condition and the porous wall
(slanted holes) boundary condition is
not known. Careful evaluation of the
wall corrections make the data
suitable for 'free air’ calculations.

6.2.2 Data are corrected for top and
bottom walls using Mokry’s linear
methods (Ref 8.4.1) together with a
further correction, again due to
Mokry, which accounts for the
nonlinearity of the flow field (Ref
8.4.2). Sidewall corrections using
Jones and Chan’s full transonic
method are also applied (Ref 8.4.3).

6.3 Type and form in which data are
available

6.3.1 Cp versus x/c, force data
(integrated from the pressures) and
wake drags as well as upper and lower
rail pressures are available.

6.3.2 Data Carrier Floppy disk
6.4 Corrections applied to data

6.4.1 Lift interference and blockage
correction

Upper and lower wall constraints are
corrected for by using Mokry and
Ohman’s theory which is a linear
technique using rail pressures on
those walls. The model is represented
by a source, a vortex and a doublet,
Ref 8.4.1. A new method due to Mokry
(Ref 8.4.2), which accounts for the
nonlinearity of the flowfield, is
also used to improve the doublet'’s
magnitude by relating it to the value
obtained by comparison with an
‘Euler’ flowfield obtained from a
FLOS2 computation. The values for AM
obtained from this analysis are
itemised in Table 4, the values are
additive to those obtained from the
linear theory.

The a correction using linear theory
is applied to the quoted data; this
method assumes that the upstream a is
0° and so there is an error in
a({corrected) since the empty tunnel
flow angularity was not measured (see
3.6.1). IAR recommend fixing the lift
to obtain comparison with CFD.

i
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6.4.2 Sidewall interference
corrections

A sidewall correction to Mach number
is computed based on the theory of
Jones and Chan (Ref 8.4.3). This is
based on computing the sidewall
boundary layer and simulating this by
a transpiration velocity applied at
the sidewalls. A comparison of the
wing flow with and without the
boundary layer growth then indicates
the size of the correction. Results
using this method which are
applicable to the data presented here
are given in Ref 8.4.4. Table 4 gives
the sidewall AM corrections computed

for the present cases; they are
additive to the upper/lower wall
corrections.,

6.4.5 Aeroelastic deformation
Torsional twisting of the model
results in an incidence different
from the measured incidence.
Torsional deflection was derived from
static calibration data on the mode}.
This correction has not been applied
to the quoted «. It is typically
about =-0.37° at zero lift and is
close to zero at a lift coefficient
of 0.75 with a linear wvariation in
between.

7. DATA ACCURACY AND REPEATABILITY
ASSESSMENT

7.1 Estimated accuracies

7.1.1 AM as measured 20.001. The
accuracy of the correction methods
(top, bottom and sidewall) |is
expected to give a total error of
about #0.002.

Oa $0.03° as measured (but corrected
a will not be this accurate - see
3.6.1 and 6.4.1)

7.1.2 Pressure coefficients ACp=%0.01
Wake pressure Ap(wake)=10.069
kPa (*0.01 psi)

7.2 Repeat Measurements

7.2.1 Free stream conditions were
repeated to test repeatability at
M=0.7 and M=0.79. Repeatability was
very good as seen from Fig 4.
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UPPER SURFACE 54 POINTS:
X/c Y/C
0.00000 0.00035
0.00500 0.01116 !
0.01000 0.01497 !
0.02000 0.01934
0.03000 0.02233
0.04000 0.02478
0.05000 0.02689
0.06000 0.02874
0.07000  0.03040
0.08000 0.03190

0.09000 0.03327 LOWER SURFACE 27 POINTS:

0.10000 0.03454 X/c Y/C

0.12500 0.03733 0.00000  0.00035

0.15000 0.03972 0.00500 -0.01164

0.17500 0.04180 0.01000 -0.01551 !
0.20000 0.04361 0.02000 -0.02118

0.22500 0.04520 0.04000 -0.02858

0.25000 0.04660 0.06000 -0.03330

0.27500 0.04784 0.08000 -0.03669

0.30000 0.04893 0.10000 -0.03932

0.32500 0.04988 0.15000 -0.04402

0.35000 0.05070 0.20000 -0.04699

0.37500 0.05138 0.25000 -0.04875

0.40000 0.05194 0.30000 -0.04948

0.42000 0.05230 0.35000 -0.04931

0.44000 0.05258 0.40000 -0.04840

0.46000 0.05276 0.45000 -0.04682

0.48000 0.05284 0.50000 -0.04454

0.50000 0.05282 0.55000 -0.04130 3
0.52000 0.05271 0.60000 -0.03676

0.54000 0.05249 0.65000 -0.03062

0.56000 0.05215 0.70000 -0.02289

0.58000 0.05171 0.75000 -0.01411

0.60000 0.05115 0.81000 -0.00384

0.62000 0.05046 0.87000 0.00261

0.64000 0.04963 0.92000 0.00331

0.66000 0.04865 0.96000 0.00191 )
0.68000 0.04750 0.99000 0.00010

0.70000 0.04615 1.00000 -0.00056

0.72500 0.04415
0.75000 0.04177
0.78000 0.03842
0.81007  0.03457
0.84000 0.03024
0.87000 0.02549 )
0.90000 0.02037
0.92000 0.01677
0.94000 0.01303
0.95000 0 01110
0.96000 0.00911
0.97000 0.00705
0.98000 0.00492
0.99000 0.00274
1.00000 0.00056

.
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AT,
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Table 1. A4 Airfoil Coordinates
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Table 2. Test Data Available. Three scans per wind tunnel run

Run M (nominal) CL values' Suggested for Comments i

SCAN CFD Validation for validation ;
1 2 3

37893 0.60 -0.024, 0.165, 0.364 Scan 1 Low M; z2ro lift

37894 0.60 0.463, 0.521, 0.574

37895 0.60 0.566, 0.631, 0,690

37896 0.70 -0.026, 0.152, 0.330 Scan 3 'Subcritical case’

37897 0.70 0.415, 0.466, 0.507

37898 0.70 0.503, 0.554, 0.610 -

37929 0.70 0.595, 0.649, 0.70% Scan 3 High lift;

increasing Mach
number trends in
succeeding cases

37899 0.72 -0.026, 0.174, 0.381

37900 0.72 0.452, 0.540, 0.582

37901 0.72 0.590, 0.657, 0.724 Scan 3 p

37902 0.74 -0.023, 0.171, 0.383

37903 0.74 0.488, 0.537, 0.579

37904 0.74 0.604, 0.659, 0.736 Scan 3

37905 0.76 -0.040, 0.172, 0.385

37906 0.76 0.493, 0.552, 0.581

37907 0.76 0.617, 0.681, 0.734 Scan 3

37908 0.77 -0.031, 0.184, 0.378

37909 0.77 0.488, 0.543, 0.580

37910 0.77 0.608, 0.666, 0.733 Scan 3

37911 0.78 -0.038, 0.176, 0.376

37912 0.78 0.483, 0.541, 0.573

37913 ©.78 0.600, 0.661, 0.717 Scan 3

37914 0.79 -0.035, 0.176, 0.382 .

37915 0.7S 0.442, 0.497, 0.555

37917 0.79 0.616, 0.660, 0.717 Scan 3

37918 0.80 -0.049, 0.169, 0.377

37919 0.80 0.431, 0.494, 0.549

37920 0.80 0.607, 0.661, 0.696 Scans 2,3 Scan 3 shows
trailing edge
divergence
indicating flow
separation

37921 o0.81 -0.049, 0.161, 0.269

37922 0.81 0.366, 0.421, 0.475

37923 0.81 0.473, 0.524, 0.588 Scans 2,3 Scan 3 shows
trailing edge
divergence
indicating flow
separation

37926  0.79 0.659" 0.713" 0.759 b 28

Repeat of two scans in Run 37917

e

* The drag for this scan is not correct (out of air) but Cp model is good.
The user may prefer to use scan 2.

Note
1. Corrected only for Mokry’s linear theory Ref 8.4.1. C_ should be corrected
according to Section 6.2. Use lift rather than a for computations.

GRS

T
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Table 3. Form of Data

Data

Eng.Units

Freestream
Conditions

Surface
pressures

Forces
integrated
from pressure

Wake data

Note

1. Corrected only for Mokry's linear theory Ref 8.4.1. p/
correction and C, should be c>rrected according to Section

X

/

rather than a for comparison.

X

3

Coeff Normalized Uncorrected Corrected’

Ad-7

does not need
2. Use lift

Table 4. Mach number corrections for each run on floppy. 3 scans per run,

RUN

37893
37894
37895
37896
37897
37898
37929
37899
37900
37901
37902
37903
37904
37905
37906
37907
37908
37909
37910
37911
37912
37913
37914
37915
37517
37918
37919
37920
37921
37922
37923
37926

Notes:

1

M(linear corrn.)

SCAN
2

3

1

SCAN
2

3

-AM(nonlinear)

0.600 0.600 0.600 0.000

0.599
0.598
0.703
0.700
0.699
0.702
0.723
0.720
0.722
0.744
0.742
0.742
0.764
0.763
0.762
0.770
0.768
0.768
0.779
0.778
0.777
0.789
0.791
0.789
0.803
0.801
0.799
0.813
0.811
0.810
0.789

0.599
0.598
0.703
0.700
0.698
0.702
0.724
0.719
0.722
0.745
0.742
0.742
0.765
0.762
0.762
0.771
0.768
0.767
0.780
0.777
0.776
0.790
0.790
0.788
0.803
0.800
0.799
0.813
0.811
0.809
0.789

0.598
0.598
0.701
0.698
0.698
0.701
0.719
0.719
0.722
0.744
0.742
0.742
0.763
0.762
0.762
0.769
0.768
0.768
0.779
0.776
0.776
0.788
0.750
0.788
0.802
0.800
0.798
0.813
0.810
0.809
0.788

0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.003
0.002
0.002
0.003
0.003
0.003
0.004
0.004
0.003
0.003
0.003

1. Mach number as printed on

2. Correction to Mokry’s linear theory for nonlinear effects; Ref 8.4.2

0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.001
0.002
0.002
0.001
0.002
0.003
0.001
0.002
0.003
0.002
0.002
0.003
0.002
0.003
0.004
0.003
0.003
0.003
0.004

.000
.001
.001
.001
.001
.001
.001
.001
0.001
0.002
0.001
0.002
0.002
0.001
0.002
0.003
0.001
0.002
0.003
0.002
0.002
0.003
0.002
0.003
0.004
0.002
0.003
0.004
0.003
0.003
0.004
0.004

[eNeoNoNoNoNeNoNe]

1

SCAN
2

3

-AM(sidewall)3

0.000
0.000
0.000
0.000
0.001
0.002
0.002
0.000
0.001
0.002
0.000
0.001
0.002
0.000
0.001
0.002
0.000
0.001
0.002
0.000
0.001
0.002
0.000
0.001
0.002
0.000
0.001
0.002
0.000
0.001
0.001
0.002

0.000
0.000
0.000
0.000
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.001
0.002
0.001
0.001
0.002
0.000
0.001
0.002
0.002

floppy applying Mokry's

3. Correction for sidewall boundary layer; Ref 8.4.3

0.000
0.000
0.000
0.001
0.002
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.002
0.002
0.001
0.001
0.002
0.002

1

SCAN
2

3

M(fully corrected)

0.600
0.599
0.597
0.702
0.698
0.696
0.699
0.722
0.718
0.719
0.743
0.740
0.738
0.763
0.760
0.758
0.768
0.765
0.764
0.777
0.775
0.772
0.787
0.788
0.784
0.800
0.797
0.793
0.809
0.807
0.806
0.784

0.600
0.599
0.597
0.702
0.698
0.695
0.699
0.722
0.716
0.719
0.743
0.739
0.738
0.763
0.758
0.758
0.769
0.764
0.762
0.778
0.773
0.771
0.787
0.787
0.783
0.800
0.796
0.793
0.810
0.807
0.804
0.783

0.600
0.597
0.597
0.699
0.695
0.695
0.698
0.717
0.716
0.718
0.742
0.738
0.738
0.761
0.758
0.757
0.767
0.764
0.763
0.776
0.772
0.771
0.785
0.785
0.782
0.799
0.795
0.792
0.809
0.806
0.803
0.782

linear correction; Ref

8.4.1
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Fig 3. The Boeing A4 Airfoil Showing the Planned Pressu.-e Orifice Locations
EXPERIMENT, RUN 37926
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Fig 4. Data from Two Separate Runs Shows the Repeatability
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2-D AILERON EFFECTIVENESS STUDY |

by

V.D. Chin, C.J. Dominik, F.T. Lynch, D.L. Rodriguez
McDonnell Douglas Corporation
Long Beach, California

Introduction

The experimental data described in this contribution were obtained in the IAR High Reynolds

Number 60" x 15" (1.5m x 0.38m) Two-Dimensional Test Facility. The purpose of the

experiment was to investigate the effects of Reynolds number and Mach number on aileron

effectiveness and to evaluate effectiveness of viscous scaling techniques that attempt to ]

simulate flow at higher Reynolds numbers.

The advent of the modern transport wing has prompted a renewed interest in the transonic
characteristics of ailerons. In addition to their traditional role of lateral (roll) contro!, ailerons are
used for wing load alleviation and to improve cruise performance through the “drooped aileron”
concept. An understanding of the prevailing flow physics which limit the transonic performance
of ailerons is necessary for the successful design of a control system that satisfies the multi-role
requirements of the aileron.

Figure 1 illustrates some typical results that were obtained from: this test. These results showed
a linear variation of lift for upward trailing edge deflections but a highly nonlinear variation for
downward deflections. This nonlinear behavior, equivalent to a loss in aileron effectiveness,
became worse at higher angles of attack and higher Mach numbers. In addition, the viscous
scaling technique that was used at lower Reynolds numbers was found to be inadequate for
modeling flow at higher Reynolds numbers.

The data acquired from this test were for a series of aileron deflections varying from -5° to +5° at .
Mach numbers of 0.717 and 0.746 and chord Reynolds numbers of 5, 15, and 25 million. The

following types of data were obtained: airfoil surface pressure distributions; wake drag, which

was determined by wake transversing probes; lift and drag forces and pitching moment, which

were determined by force balance readings and surface pressure integrations; and floor and

ceiling pressure distributions, which were used to compute wall interference effects.

One of the difficulties in wind tunnel testing is accounting for the effects of wall inteference to
reinterpret the data for "free air “conditions. Corrections for interference effects of the floor and
ceiling and for the sidewall boundary layer effects were appliac to the data. The data are
available corrected for floor and ceiling effects, and correcied ‘or both floor and ceiling
interference and sidewall boundary layer effects.

General Description

1.4
1.2
1.3

1.4

Mode! name or designation
Model type/flow conditions

Purpose

Dominant flow physics

McDonnell Douglas DLBAQ32 airfoil 3
2D superecritical airfoil; transonic

To determine the effects of Reynolds number 1
and Mach number on aileron effectiveness.

Shock development, trailing edge separation.
See Figure 1.
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Details of Model (Ref. 4)

2.1 Geometric arrangement Unswept wing with 10.0" (0.254 m) chord
spanning width of wind tunnel test section
(15" (0.38m)) to simulate 2D flow. |
2.2 Configurations tested Aileron deflections of -5°, -2°, 0°, 1°, 2°, 3°, 4°, 5°.

2.3 Airfoil data

2.3.1 Airfoil shape Supercritical aft-loaded airffoil with 2.25% aft
camber. See Figure 2.
2.3.2 Thickness/chord 0.1228
2.3.3 Nose radius/chord 0.0179
2.3.4 Trailing edge thickness 0.50% chord
2.3.5 Aileron data Aileron hinge line is at 75.0% chord. Deflection 1

are set by replacing the interchangeable bracket
shown in Figure 2. A 0.01” (.25mm) gap is
modeled between the main airfoil and the
aileron. A typical deflection is shown in Figure 3.

2.4 Geometric Definition

2.4.1 Analytical/numerical Numerical
2.4.2 Design/measured Measured
2.4.3 Tolerances +0.002" (£0.005 cm) for leading edge 5% chord.

+0.005" (+0.013 cm) from 5% to 75% chord.
1+0.0015" (£0.0038 cm) for aileron.

2.4.4 Surface roughness 16 min (400 nm) i

2.5 Model support details

2.5.1 Support geometry Side wall balances connected to airfoil by two
pins at each end. See Figure 4.

2.5.2 Special feature The balance can rotate to allow for angle of

incidence control along with the measurement of
chord and normal forces and pitching moment.

General Tunnel Information

3.1 Tunnel designation 2-D High Reynolds Number Test Facility of the
IAR 1.5m x 1.5m Trisonic Blowdown Wind
Tunnel.

3.2 Organization High Speed Aerodynamics Laboratory

Institute for Aerospace Research
National Research Council of Canada
Montreal Road

Ottawa, Ontario

K1A OR6

Canada
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3.3 Tunnel characteristics

3.3.1 Type of tunnel Blowdown tunnel with interchangeable test
sections. {
3.3.2 Operating envelope Mach numbers from 0.1 to 1.1. Reynolds

numbers from 4 to 50 million/ft (13 to 164
million/m). Total pressures from 60 to 180 psia
(0.41 to 1.24 MPa).

3.4 Test section

3.4.1 Test section and mount See Figure 5.
details
3.4.2 Test section dimensions 60" (0.38m} in height and 15" (1.5m) in width.
Test section length with parallel walls is 141"
(3.56m). L P

3.4.3 Wall geometry details

3.4.3.1 Walltype Ceiling and floor have adjustable porosity (0.5% -
6%) to reduce boundary layer effects. Sidewalls
are solid except for 18"x24" (46cm x 61cm)
boundary layer suction panels Incated at the

model mount.
3.4.3.2 Open area ratio Adjustable; 0.005 to 0.060.
3.4.3.3 Wall pressures Measured along floor and ceiling with 1.0"

(25.4mm) rails located midway between the
sidewalls extending 83" (2.1m) upstream and
47" (1.2m) downstream of the mode! pitch axis.
Sidewall pressures not measured.

3.4.3.4 Boundary layercontrol The sidewall boundary layer is removed at the
test section inlet by bleed slots. The new
sidewall boundary layer which develops as the
flow reaches the model is then thinned or
removed through the 18"x 24" (45cm x 61cm)
porous panel and mount disk which surround
the model end using suction. The floor and
ceiling were porous throughout the length of the
test section.

3.3.4.5 Typical boundary layer  0.15" (.38 cm) for Re = 15 x 108 /ft (49 x 106/m)
displacement thickness and a suction velocity ratio (v/U..} of 0.0078
at balance centerline. (Ref. 1, Fig. 11).

3.5 Free stream conditions
3.5.1 Ref. conditions determined by

3.5.1.1 Total pressure Parascientific Digiquartz 200 psia (1.38 MPa)
pressure transducer on pitot probe at inlet of test
section.
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3.5.1.2 Static pressure

3.5.1.3 Total temperature

3.5.1.4 Static temperature

3.5.2 Tunnel calibration

3.5.2.1 Method

3.5.2.2 Date of last calibration

3.6 Flow quality (empty tunnel)

3.6.1 Flow uniformity

3.6.1.1 Pressure variations
from reference value

over mode! length

3.6.1.2 Mach no. variations
from reference value
over model length

3.6.1.3 Mach no. variations
during a run

3.6.1.4 Average flow angularity

i oD

Digiquartz 200 psia (1.38 MPa) pressure
transducer in pressure tap located 81" (206cm)
upstream of balance centerline.

Resistance thermometer (RdF probe) in tunnel |
settling chamber.

Not determined. Calculated from conditions
determined above.

Static pressure tubes were mounted at the
centerline and along the floor and ceiling.
Pressure taps were also installed along the floor,
ceiling, and one sidewall. The reference
pressure tap was located 81" (2.1 m) upstream of
the balance. These were used to determine the
flow uniformity over vertical planes in the test S
section. The wake rake was also used to
determine the total pressure uniformity across
the test section. Flow quality (turbulence and
noise levels) was determined using hot wire
probes spanning half of the width of the test
section along the centerline of the balance. A
microphone probe mounted at the center of the
test section was used to compliment the hot wire
measurements. Sidewall boundary layer
measurements were made using boundary layer
rakes.

1989

AP/Pg = -0.0012 to -0.0024 with
{P/Po)nom= 1.1166 and 2% porosity (floor &
ceiling), Re = 15 x 106/t (49 x 106/m)

(Ref. 1, Fig. 9a).

AM = -0.002 to -0.004 with Mpom = 0.400
and 2% porosity (floor & ceiling),
Re = 15 x 106/t (49 x 106/m) (Ref. 1, Fig. 9a).

0.0006 standard deviation (Ref. 2, p. 9).

Using a 9" (23 cm) chord model, the balance

forces were measured over small incidence

ranges with the model in the upright and '
inverted configurations. The average flow

angularity was determined by comparing the

forces measured in these two orientations. Fora

Mach no. of 0.70, the average flow angularity *

was found to be a downwash of 0.14° (Ref. 2, :

Fig. 16). P
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3.3.1.5 Flow angularity variations Not measured.
from reference value
over model length

3.6.2 Temperature variation Not measured.

3.6.3 Flow steadiness

3.6.3.1 Overall turbulence level For Re = 15 x 106/t (49 x 105/m), turbulence

intensity, (Ti/U)ms, varies from 0.23% at M=0.5 to
0.35% at M=0.8 (Ref. 1, p.16).

3.6.3.2 Overall noise level For Re = 15 x 108/ft (49 x 105/m), pressure
fluctuation, Cpyms, varies from 0.55% at M=0.4

to 0.80% at M=0.8 (Ref. 1, p. 16).

4. Instrumentation

4.1 Model position

4.1.1 Incidence measurement The incidence angie is measured by a
method potentiometer mounted on the pitch drive
system (Ref. 3, p. 9).

4.1.2 Mode! incidence accuracy 10.03° (Ref. 2, p.9)

4.2 Model pressure measurements
4.2.1 Pressure holes, no. & position 80 pressure taps. See Figure 2 for location.

4.2.2 Transducer range & accuracy Maximum pressure of 200 psia (1400 kPa) with
an accuracy of +0.10 psi (0.7 kPa) (Ref. 2, p. 9).

4.2.3 Dynamic pressures measured No.

4.3 Force and moment meastrements

4.3.1 Type and locaticn of balance  Three component (normal force, axial force, and
pitching moment) strain gage balance mounted
in each sidewall. See Figure 6.

4.3.2 Maximum range and accuracy Maximum allowable loads are 20,000 Ibs (89 kN)
for normal force, 2000 Ibs (8.9 kN) for axial force,
and 45,000 Ib-in (7.9 MN-m) for pitching moment
(Ref. 2, Fig. 6). Accuracies are £20 Ib (8.9 N)
for normal, £2 Ib (£.89 N) for axial, and 65 Ib-in
(£730 N-cm) for pitching moment (Ref. 2, p. 9)

4.4 Flow field measurements

4.4.1 Technique Pitot tube rake transversing the wake region 21"
(53 cm) downstream of balance center of rotation
(approximately one chord length downstream
from trailing edge of a 12" (30 cm) chord model).

4.4.2 Region investigated Airfoil wake region is probed by the transversing
wake rake. The rake averages about 240
measurements across the usual range of 18" (46

b - o R e L
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4.5

4.4.3 Wake rake details

Tunnel wall measurements

4.5.1 Type

4.5.2 Press. hole location & number

5. Test Matrix and Conditions

5.1

5.2

53

Detailed test matrix

5.1.1 No. of selected test cases
5.1.2 No. of configurations tested
5.1.3 Test matrix details
Model/tunnel relations

5.2.1 Maximum blockage

5.2.2 Model spanftunnel width
5.2.3 Wing area/test section area
5.2.4 Height/chord ratio

5.2.5 Width/chord ratio
Transition details

5.3.1 Free or fixed transition

5.3.2 Free transition details

5.3.2.1 Transition location

5.3.2.2 Transition verification

cm) above to 8" (20 cm) below the centerline of
the balance. The rake system is capable of
detecting pressure gradients and is able to
automatically increase measurements in the
actual wake of the mode! where large pressure
gradients exist. See Figure 7.

See Figure 7.

Static wall pressures were measured on fioor and
ceiling.

Pressure holes are located between 77.1" (196
cm) upstream and 44.9" (114 cm) downstream of
the of the balance. They are non-uniformly
spaced with a higher concentration around the

model region. The average spacing between
holes is approximately 6" (15 cm).

25
1 model with difterent aileron deflections.

See Table (I).

0.020 (airfoil frontal area / test section area)
1.0

0.167

6

1.5

Fixed for Re = 5 & 15 x 106
Free for Re = 25 x 106

For Re = 25 x 108, transition location (x/c)
Upper surface - L.E.  Lower surface - L.E.

No experimental verification of the transition
location was performed during this wind tunnet
test. However, previous work (Ref. 5) on the
same airfoil using vacuum deposited hot film
gages showed natural transition to occur at the
leading edge for Reynolds number =25x106.

- SETRICER T b B
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5.3.3 Fixed transition details

5.3.3.1 Transition location

5.3.3.2 Type and size of strip

5.3.3.3 Trip verification

Data
6.1 Availability of data
6.1.1 Organization of ownership

6.1.2 Responsible party

6.1.3 Are data freely available?
6.1.4 Contact
6.2 Suitability of data for CFD \alidation

6.2.1 For "in-tunnel" calcui tion?

AS-7

For Re = 5 x 108, transition location (x/c):
Upper surface - 0.15  Lower surface - 0.28
For Re = 15 x 105, transition location (x/c):
Upper surface - 0.10  Lower surface - 0.15

For Re = 5 x 106, transition strip consisted of
0.0032" (0.081 mm) high, 0.045" (1.1 mm)
dia.disks spaced 0.10" (2.5 mm) apart

For Re = 15 x 108, transition strip consisted of
0.0016" (0.041 mm) high, 0.045" (1.1 mm)
dia.disks spaced 0.10" (2.5 mm) apart

No estimate of the drag associated with the
transition strips was performed.

Trip locations for Re =5 x 106 and Re = 15 x 106
were established using a CFD method to match
boundary layer thickness at the trailing edge of
the airfoil to that of Re = 25 x 106. No
experimental verification of the natural transition
location was performed during this wind tunnel
test. However, previous work (Ref. 5) on the
same airfoil using vacuum deposited hot film
gages showed natural transition to occur at the
following locations:

For Re = 5 x 106, natural transition location (x/c):
Upper surface - 0.40  Lower surface - 0.50
For Re = 15 x 108 natural transition location (x/c):
Upper surface - 0.33  Lower surface - 0.50

McDonnell Douglas Corporation

Frank T. Lynch, Group Leader

Aerodynamics Technology, Flight Performance
Mail Code 36-41

3855 Lakewood Blvd.

Long Beach, CA 90846-0001

USA

Phone Number: (310) 593-2947

Fax number: (310) 593-7593

Yes.
Frank T. Lynch (address above)
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6.2.2 Corrected for "free air"
conditions?

6.3  Type and form of data available

6.3.1 Type and form
6.3.2 Data carrier

6.4 Corrections applied to data

6.4.1 Floor and ceiling interference

6.4.2 Sidewall boundary layer

7. Data Accuracy and Repeatability
71 Estimated accuracy of:

7.1.1 Free stream conditions
7.1.1.1 Mach number
7.1.1.2 Flow velocity
7.1.1.3 Model incidence

The data would be suitable for 2D “free air”
calculations since it was corrected for sidewall
boundary layer effects and ceiling and floor
interference effects.

See Table ({1).

Floppy Disks

Mach number and angle of attack were corrected
for floor and ceiling wall interference using the
"Mokry" correction. All other flow variables were
corrected using these corrected quantities. The
tunnel wall pressure measurements were used
to determine the corrections for Mach number
and angle of attack necessitated by the flow
constraints of the tunnel walls. See (Ref. 6) for
more details.

Mach number and pressure coefficient were
corrected for sidewall boundary layer effects
using the "Murthy" correction. The "Murthy"
correction accounts for the change in effective
test section area due to the sidewall boundary
layer. The "Murthy" corrections are applied to
"Mokry" corrected data in a sequential manner.
The "Murthy" corrections are as follows:

Mmunhy= Mmokry /(1+k)0‘5

Comurthy= Cpmokry (1+k)0®

where;
k=(2 +1/H M2, )25 /b)
H=14
8*=0.15" (Re = 15x108 /t)

See (Ref. 7) for more details.

Assessment

10.0004
11 f/sec (£.3 nvs)
10.03°

i
i
|
k.
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7.1.2 Measured data

7.1.2.1 Balance forces and
moments

7.1.2.2 Pressures

7.1.2.3 Wake pressure

7.2 Repeat measurements,
type & number

7.3 Redundant flow quantities measured

References

8.1  Wind tunnel

8.2 Model

A5-9

Accuracies are 20 Ib (189 N) for normal,
12 Ib (£8.9 N) for axial, and 65 Ib-in (730 N-cm)
for pitching moment (Ref. 2, p. 9)

Wall: £0.005 psi (30 Pa), model: +0.10 psi
(700 Pa) (Ref. 2, p. 9)

+0.01 psi (£70 Pa) (Ref. 2, p. 9)

Repeat measurements were made for
selected configurations as noted in Table (l).
Figure 8 shows typical examples of data
repeatability.

Lift force was measured using both the balance
and the integrated pressure readings. Pitching
moment was measured using the balance and
the integrated pressures. Typical examples of
the agreement between these measurements
are shown in Figure 9.

1. Ohman, L.H., Brown,D., Chan, Y.Y., Galway,
R.D., Hashim, S.M,, Khalid, M., Malek, A.,
Mokry, M.,Tang, N., & Thain, J., "New
Transonic Test Sections for the NAE 5ftx5ft
Trisonic Wind Tunnel,” NAE-AN-62, January
1990.

2. Galway, R.D., "The IAR High Reynolds
Number Two-Dimensional Test Facility - A
Description of Equipment and Procedures
Common to Most 2-D Airfoil Tests,”
IAR-AN-66, June 1990.

3. Ohman, L.H., "The NAE High Reynolds
Number 15 in. x 60 in. Two-Dimensional Test
Facility; Part 1,” LTR-HA-4, April 1970.

4. Doffinger, D.F., "Wind Tunnel Model LB-
350M Operating Report for Test of an
Advanced Design Two-Dimensional Airfoil,
NAE 15x60-inch Wind Tunnel," MDC k4752,
January 1990.

5. Fancher, M.F., "Aspects o Cryogenic Wind
Tunnel Testing Technology at Douglas,”
AlAA-82-0606, March 22-24, 1982,
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List of

Cp
Cpmokry
Cpmurthy
CpPrms
H

M
Mmunhy
Mmokry
TEU
TED
RN

a/u
(W/l)ms

8.3 Correction methods 6. Mokry, M., “Subsonic Wall Interference
Corrections for Finite-Length Test Sections
Using Boundary Pressure Measurements,”
in "Wall Interference in Wind Tunnels,”
AGARD-CP-335, September 1982.

7. Murthy, A.V., “Corrections for Attached
Sidewall Boundary-Layer Effects in Two-
Dimensional Airfoil Testing," NASA
Contractor Report 3873, February 1985.

Symbols

angle of attack

aileron deflection from reference chord
displacement thickness

tunnel width

Lift Coefticient

Drag Coefficient

Pitching moment coefficient

pressure coefficient

pressure coefficient with Mokry correction applied
pressure coefficient with Murthy correction applied
static pressure fluctuations (noise levels)

shape factor

Mach number

Mach number with Murthy correction applied
Mach number with Mokry correction applied
Trailing edge deflection is upwards

Trailing edge deflection is downwards

Reynolds number

fractional disturbance from average local velocity
turbulence intensity
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Table I. Test Matrix
IDENT. FLOW CONDITION POSITION TESTED OTHER INFO
—
1.01-1.12 717 5x108  |-0.02°;:2.77° o all no
2.01-2.12 717 5x108 | -0.11°:2.68° Pl all no
3.01-3.12 717 5x106 | -0.16°:2.64° ¥ all no
4.01-4.12 717 5x108 | -0.18°:2.62° 4 all no
5.01-5.11 717 15 x 106 | 0.30°:2.65° -5° all yes
6.01 - 6.11 717 15x 108 | 0.02°:2.44° -2° all yes
7.01 - 7.11 717 15 %106 | .0.13°:2.28° 0° all yes
8.01 - 8.11 717 15 x 106 -0.17°:2.22° 1° all yes
9.01-9.11 717 15x108 | .0.23°:2.15° psd al yes
10.01-10.11 ) 717 15x106 | -0.28°:2.11° 3 al yes
11.01-11.11] 717 15x 106 | -0.30°:2.08° 4 all yes
12.01-12.11] .717 15x 108 | .0.33°:2.08° 5° al yes
13.01-13.11 | 747 15x108 | 0.30°:247° -5° all no
14.01-14.11 ]  .747 15x 106 | 0.02°:2.20° -2 al no
15.01-15.11] .747 15x 108 | -0.18°:2.08° o all no
16.01-16.11] .747 15x108 | .0.23°:2.05° S alt no
17.01-17.11 ]  .747 15x108 [ -0.26°:2.02° P all no
18.01-18.11 ) .747 15x108 | -0.30°:2.03° ¥ all no
19.01 - 19.11 747 15x 108 | -0.32°:2.04° & all no
20.01-20.11 | 747 15x108 | -0.33°:2.05° 5° all no
21.01-21.11| 717 25x106 | 0.68°:1.98° o A no
2201-2207| 717 25 x 106 | 0.56°:1.38° 2 ol no
23.01-23.11| 717 25x 106 | 0.56°:2.31° 3 al no
24.01-24.10 | .717 25x 108 | 0.50°:2.39° & all no
25.01-25.06 | .717 25x 106 | 0.99°:2.37° 5° all no

all - surface pressures, force & moment coefficients (balance & integrated
pressures), and wake rake data (drag)

Note: Angle of attack ranges are available in nonuniform increments of approximately 0.25°.
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Table Il. Data Availablitity

CORRECTED

DATA ENG. UNITS | COEFFICIENTS | CORRECTED 1 (fi00r ceiling,

(fioor & ceiling) | sidewall B. L)
FREESTREAM
CONDITIONS X X X
SURFACE
PRESSURES X X X
FORCES &
PITCHING X X
MOMENT
WAKE DATA X X
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0.01°gap

S

interchangeable aileron
bracket

Figure 2
DLBAQ32 Airfoil Model Structure

aileron hinge line

5° Deflected Aileron

° Pressure Orifice

Figure 3
DLBAO032 Airfoil with Pressure Orifices
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MOUNTING PINS
MATERIAL (7-4PH
CONDITION H800
ROCKWELL C44 2

A

L

L >

B

POROUS FLOW SURFACE.

.04 RADIAL CLEARANCE.

Figure 4

Model Support Geometry

VIEW ON AA.




AS5-17
NOZILE PANILS POROUS TURNTABLE
AND FORCE BALANCE
MRILOW !
L L]
LJLETOR
3 FLOW CONTAOL
. 3 VALYL
"'\-..,‘ MOUNTING
1 NAILE
BOUNGARY LAYER
SLEED SLOTS ‘\'
L]
QU TLINE
SINFOIL MBOIL \ e
ITATIE PARSSURL
TURLE (FLOOA & CLILING)
TRAYEREING
wARE PAOBES

Figure 5

Test Section and Mount Details

SPLINE (TO MATE WITH PITCH
DRIVE SYSTEM)

STABILIZING LINK ;
PASSAGE FOR AR, SECTION A-A
PRESSURE TAPS,
BALANCE WIRING,
eTe
Figure 6

Strain Gage Balance Details




AS5-18

TRAVERSE GEAR & TRANSDUCER MODULE

(C-46609)

PROBE HEAD #2

T | T '
4 TOP ELEVATION
8
z WAKE THAVERSE PROBE
g “‘
21-00°
- /
'l .g <
AN A
T § &=
? 2
— 1-60°SLOT
TANCE
DISTANCE
PROBE FROM ¢
FROM WALL | "5, ¢y
1 7.5 in. | 0.000
2 5.78 0.233 — ]
2 :gg g-;g; ELEVATION ON TL
: . SOUTH SIDEWALL
4
Figure 7

Wake Rake Details



G (integrated pressures)

A5-19

1.50+ 1504
128+ 128+
0 g
1,00 @ 1004 8’
3
n
n
o f
-
a
°‘n. E 0.7!-
& e
(-4
]
-
£
Nt
0+ 0.50
0.8 o !
0.25 0.25-
0.00 T ™ T T — 0.00 T =T T T 1
0.000 0.005 0.010 0.0 0020 0.025 .00 -0.08 -0.0 -0.3 -020 -02%

Cm (integrated pressures)

Cq (wake roke)

—&— | ORIGINAL RUN
--3- | REPEAT RUN

0.0 We 200 W0 400 S00 s00 OO 800 W00 1900
PERCENT CHORD

Figure 8

Typical Data Repeatability




AS5-20

-0
8---o-a-mooc <

1.2+ -0.25-
1.4

~0.20
1.0
- -0.15-

< 0.8 o

-0.10
0.7
0.6+

0.0+
0.5
0.4 : ———e—y 0.00
-05 00 0.5 10 18 s -0.3

MEASUREMENT TECHNIGUE

—&— | INTEGRATED PRESSURES
--0- FORCE BALANCE
Figure 9

Comparison of Force and Moment Measurements Obtained from

Integrated Pressures and Balance Readings




GE-10. INVESTIGATION OF AN NLF(1)-0416 AIRFOIL
IN COMPRESSIBLE SUBSONIC FLOW

BY

sttt

P. Guntermann and G. Diets
Aerodynamisches Institut of the RWTH-Aachen
Director: E. Krause Ph. D.
Wiillnerstr. zw. 5 u. 7
W-5100 Aachen, Germany

0 INTRODUCTION

The data presented in this contribution were obtained in the 40 x 40 cm? Transonic Wind Tunnel at
the Aerodynamisches Institut of the RWTH Aachen within the research program ”Entwicklung von
Berechnungsverfahren fiir Probleme der Stromungsmechanik” sponsored by the Stiftung Volkswagen-
werk. The aim of the experimental part of the research program was to investigate the influence of
compressibility on the location of transition. For this purpose a natural-laminar-flow airfoil NLF(1)-
0416, designed for incompressible flow, was investigated. Starting with incompressible free stream
conditions the Mach number was increased until transonic flow was obtained. The experiments on the
NLF(1)-0416 should provide aerodynamical forces such as lift and drag and data concerning the loca-
tion and the underlying physical mechanism of transition. Therefore different measuring techniques,
e. g. liquid chrystal coating and multi-sensor hot-film technique, were tested. To verify the existence
of a laminar separation bubble the topology of the boundary layer was visualized. Regarding the
different turbulence levels there is a good agreement of the experimental results with those obtained
at NASA-Langley, which are available up to Mach numbers of 0.4. Numerical results correspond to
the experiments at higher Mach numbers too. Experiments were carried out to get information about
the influence of smal! disturbances of the profile surface on the pressure distribution, the drag, and the
location of transition. In continuation of this research a wind tunnel model with adjustable geometry
of its upper surface was developed and manufactured. The influence of small surface variations on the
location of transition or separation will be investigated experimentally, but these tests are not part of
the presented data set.

1 GENERAL DESCRIP1:ON .

1.1 Model name or designation NLF(1)-0416

1.2 Model type 2-D airfoil (Airfoil data see GE-10.8.2)

1.3 Design requirements, purpose of This natural-laminar-flow airfoil was designed for ge-
test neral aviation applications in incompressible flow.

Measurement techniques for detection of transition
have been validated. Investigation of Ma- and Re-
eflects on natural-laminar-flow airfoils and effects of
small variation of geometry will be used for a data
base to validate CFD.

1.4 Dominant flow physics Transition at laminar airfoils in low Reynolds num-
ber flow is often forced by a laminar separation. The
boundary layer becomes turbulent and the flow re-
attaches. This phenomenon is called a laminar se-
paration bubble. Typical pressure distributions are s
shown in F1GS. GE-10.4/5. The measured and com-
puted separation and transition locations are mar-
ked. The location of transition can be determined
by multi-sensor hot-film measurements. A sudden

increase of fluctuations indicates the transition pro- &
cess (See F1G. GE-10.8). The existence of a laminar ]
separation bubble can be recognized by phase rever- o

sal phenomena. Fi1G. GE-10.9 shows a differential :‘
interferogram of a laminar separation bubble. The fi :

transition line on the surface of the airfoil can be vi-
sualized by surface coating with liquid chrystals (See
Fi1G. GE-10.10). At some locations transition is cau-
sed by disturbances, e. g. by pressure taps.
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2 DETAILS OF MODEL

2.3 Airfoil data
2.3.2 Basic airfoil
o Thickness/chord ration
o Nose radius/chord
2.4 Body data
2.4.1 Shape
e Chord length

2.7 Geometric definition of all com-
ponents
o Shape specification
o Co-ordinates
e Tolerances

¢ Surface roughness
2.8 Model support details
2.8.2 Special features of mounting

3 GENERAL TUNNEL INFORMATION
3.1 Tunnel designation

3.2 Organization running the tunnel
3.3 Tunnel characteristics

e Type of tunnel
¢ Indicate operating envelope
e Minimum run time
3.4 Test section
3.4.2 Test section dimensions
3.4.3 Wall geometry details
o Type of walls
e Boundary layer control on walls
o Typical wall boundary layer dis-
placement thickness
3.6 Flow quality (empty tunnel)
3.6.1 Flow uniformity
o Mach number variation over mo-

del length and span
o Mach number variation during a

run
3.6.3 Flow unsteadiness
o Overall turbulence level

4 INSTRUMENTATION

4.1 Model position

4.1.1 Geometrical incidence measure-

ment
4.1.2 Accuracy of geometrical inci-
dence

16 %
1.55 %

200 mm

Numerical
Measured
£0.05 mm (i.e. £0.025 % c), no short wave deviati-

ons
Finished with grinding-paper 1000

Mounted by bolts through the panes of the wind tun-
nel (no influences on flow by support)

40 x 40 cm? Transonic Wind Tunnel at the Aerody-
namisches Institut of the RWTH Aachen
Aerodynamisches Institut of the RWTH Aachen

Intermittent suction tunnel
6 6
Ma 0.18 to 3.6, Rem: 1.6 10° to 6 10

3 to 10 sec

400 x 400 x 1414 mm3

Adaptive top and bottom walls (See GE-10.8.1)
Numericaly integrated in adaption control process
20 mm

lower 1 %

lower 1 %

0.2 % to 0.7 % (Dependent on Mach number, see
F1G. GE-10.3) The fairly high turbulence level is gi-
ven by the wind tunnel. Further investigations on
its spectra, its effect on transition, and on the de-
velopment of the turbulent boundary layer are still
expected.

Nonius

+0.1°




4.2 Model pressure measurements

4.2.1 Total number and disposition of
pressure holes

4.2.2 Range and accuracy of pressure
transducers

4.2.3 Dynamic pressures
4.3 Force measurements

4.3.1 Type of measurement

4.3.2 Accuracy of all components

4.4 Boundary layer and flow field
measurements
4.4.1 Measurement technique applied

4.4.2 Flow regions investigated

4.5 Surface flow visualization

4.5.1 Measurement technique applied
4.5.2 Surfaces with flow visualization
4.5.3 Form of data

4.6 Flow field visualization

4.6.1 Technique applied
4.6.2 Plane with flow visualization

4.6.3 Form of data
4.7 Tunnel wall measurements

4.7.1 Type of measurements

4.7.2 Location and number of pressure
holes

5 TEST MATRIX AND CONDITIONS

5.1 Detailed test matrix

A6-3

50 (See F16. GE-10.1)

0 hPa to 1000 hPa £ 0.05 hPa

Measured in some cases, dissolvable frequency about
100 Hz

Lift coefficient by integrating pressure coefficients
upon airfoil surface, drag coefficient by wake mea-
surement (See Fig. GE-10.7

The uncertainty in determining the lift coefficient is
estimated to be less than +0.5 %, of the drag coeffi-
cient less than £2.5 %.

Model: Pressure probes, multi-sensor hot-film (See
Fia. GE-10.6/8; n-factors cannot be determined be-
cause of the measurement system noise threshold);
Flowfield: Hot wires, LDA

Boundary layer, wake, flow field around the upper
surface of the airfoil

Liquid chrystals (See FiG. GE-10.10), oil
Upper surface of the airfoil
Photography

Colour-schlieren, differential interferometry

Region above airfoil, surroundings of transition or
laminar separation bubble (See Fic. GE-10.9)
Photography

Pressures
48 (See Fic. GE-10.2)

5.1.1 Number of selected test cases 34

5.1.2 Number of configurations tested 1

5.1.3 Test matrix table

Identification Flow condition I Position Other information J
Case No. Ma Re[108) | of%] | WP & remarks
measurements
1.01-1.05 0.18, 0.3(0.1)0.6 | 2.2-21.7 | 0.8-2.3 0 a,c 2
2.01-2.09 04 1.7 -3(1)5 a, b 2
3.01-3.02 0.5 2.0 0 a, b,cde 1,23
4.01-4.18 0.3,05 59,148 [ 1.3,20 ]| -3(1)5 a, d, e 2
Legend:

Type of measurements: (a) pressures, (b) wake, (c) flow visualization, (d) multi-sensor hot-film,

(e) liquid chrystals/oil

Remarks: (1) detailed visualization of separation bubble, (2) transition free, (3) transition fixed
Note: Due to wind tunnel facilities the Reynolds number depends on Mach number.

et e e e e
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5.2 Model/tunnel relations
5.2.1 Model span/tunnel width
5.2.2 Tunnel cross section
5.2.3 Height/chord ratio
5.2.4 Width/chord ratio
5.2.5 Adiabatic wall temperatures
5.3 Transitional details
5.3.1 Transition
5.3.2 Details of free transition
o Natural transition verification

e Verified test cases
5.3.3 Details of fixed transition

o Transition location

e type and size of trip

e Verification of effectiveness of
trip
Verified test cases

6 DATA

6.1 Availability of data

6.1.1 Organization owning the data
6.1.2 Responsible person for the data

6.1.3 Availability of data
6.2 Suitability of data for CFD validation

6.2.1 Suitability for "in-tunnel” calcu-

lation
6.2.2 Corrected data to simulate "free-

air” conditions
6.3 Type and form in which data are
available
6.3.1 Type and form

6.3.2 Data carrier

6.3.3 Extent of geometry data

6.3.4 Extent of aerodynamic test data
6.4 Corrections applied to data

6.4.1 Side wall interference corrections

1.0

400 x 400 mm?
h/e =20

b/e = 2.0

Not reached

Free and fixed

Comparison of the results by different applicated
measurement techniques and numerical flow simu-
lation (See Fias. GE-10.8/10). The locations of
transition are detected by analysing the multi-sensor
hot-film data by statistical methods. The location
where the skewness of the voltage data is equal to
zero corresponds nearly to the location of 50% inter-
mittence (See GE-10.8.3). The hot-film sensors are
located at 10.5(2.5)68.0 % c. (See F16. GE-10.1)
All test cases with free transition

75% ¢
Letraset, Letraline(TM) 119 1/16 x 650 flex 1.59mm
By disappearance of laminar separation bubble

downstream of the trip
All test cases with fixed transition

Aerodynamische Institut of the RWTH Aachen
Dipl.-Ing. P. Guntermann

Aerodynamisches Institut of the RWTH-Aachen
Wiillnerstr. zw. 5u. 7

W-5100 Aachen, Germany

Tel.: 02 41 / 80 - 54 26

Fax.: 0241 / 40 - 38 33

E-Mail: peter@aia004.aia.rwth-aachen.de

Free

Yes
Yes

Stored in ASCII format on floppy disk
Floppy disk

about 2 kBytes

about 120 MByte

Included in adaption process (For details sce GE-
10.3.4.3). The top and bottom walls are adapted
with a geometry obtained from experiments with an
empty test section and a geometry determined by a
perturbation potential calculation coupled to a boun-
dary layer calculation. The errors due to the remai-
ning side wall interference are expected to be small.

(-———-;‘olf’
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6.4.4 Sting and support corrections
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Not necessary

7 DATA ACCURACY AND REPEATABILITY ASSESSMENT

7.1 Estimate accuracy of

7.1.1 Free stream conditions
o Mach number

o flow velocity

e Model incidence
7.1.2 Measured data

o Forces

o Pressure coefficients
7.1.3 Repeated measurement
A. Type and number of repeat mea-
surements within one test cam-
paign
B. Type and number of repeat mea-
surements in successive campai-
gns
7.1.4 Redundant measurements

A. Indicate flow quantities that
have been measured indepen-
dently by different techniqu:s

B. Checks made on internal consist-
ency of the data

7.1.5 Other tests on same geometry

A. Investigation of a different model
(same geometry) in another wind
tunnel

8 REFERENCES
8.1 On the wind tunnel

8.2 On the model

8.3 On applied measurement techni-
ques

8.4 On wind tunnel, model and tests

9 LIST OF SYMBOLS

Amk
b

[

Ca

Cp

Cw

about +1 % (The accuracy is given by the applied
Scanivalve system for velocity measurement)

about +1 %
+0.1°

The uncertainty in determining the lift coefficient is
estimated to be less than £0.5 %, of the drag coeffi-
cient less than £2.5 %.

The uncertainty in measuring is less than £0.5 %.

All types at least 2 times

All types at least 3 times

Transition and laminar separation bubble locations

See GE-10.5.3.2

NASA-Langley (See GE-10.8.2)

Romberg, H. J., "Experimentelle Untersuchung
der schallnahen Umstrémung eines superkritischen
Tragfliigelprofils unter besonderer Beriicksichtigung
von Windkanalinterferenzen”, Dissertation, RWTH-
Aachen, 1990.

Somers D. M., "Design and Experimental Results for
a Natural-Laminar-Flow Airfoil for General Aviation
Applications”, NASA TP 1861, Hampton, 1981,
Kornberger, M., " Transitionsbestimmung mit Multi-
sensor-HeiBfilmtechnik im Windkanal und im Frei-
flug”, Dissertation, RWTH Aachen, 1992.
Guntermann, P., "Entwicklung eines Profilm-
odells mit variabler Geometrie zur Untersu-
chung des Transitionsverhaltens in kompressibler
Unterschallstromung”, Dissertation, RWTH Aachen,
1992.

Cross section area of the test section
Tunnel width

Chord length

Lift coefficient

Pressure coefficient

Drag coefficient

S
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h Tunnel hight

Ma Mach number i
! Re Reynolds number |

Tu Turbulence level

q Dynamic pressure

U, 0 Sensor voltage (RMS, mean value)

X Chordwise coordinate

X7r Chordwise transition location

10 FIGURES
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Fig. 1 Above: Cross-section of the NLF(1)-0416
Below: Part of the ground-plan of the model with the positions
of the hot-film sensors and pressure taps (From GE-10.8.4)

/
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3
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% +
FiG. 2 Test section with adaptive top and bottom wall é
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1.2 T T v
LDA measurements
1+ A ]
+
*
031 E
¥
5 96 Hotwire measurements b
T x
0.4} x . .
x x
0.2k e \\_Experiments compared |
to calculations
0 1 1 1 i
0 0.2 0.4 0.6 0.8 1
Ma
FiG. 3 Dependence of the turbulence level on Mach number. The hot-

wire (x) and LDA (+) results are obtained by experiments with an
empty test section. Amplification factors n at the transition loca-
tion are determined by comparing experimentally obtained transi-
tion locations to locations resulting from boundary-layer calculati-
ons with an e" transition prediction. These amplification factors
correspond to turbulence levels after Mack and the results are
visualized by the line (—) (From GE-10.8.4).

15~ +

Q 0.2 0.4 0.6 0.8 [
x/c

Fic. 4 Measured c,-distribution (x) compared to Navier-Stokes (— - —)
and potential-boundary laver (—) calculations (Case No. 3.01; A
measured, V calculated transition Jocation, >< separated region;
from GE-10.8.4)

1Mack, L. M., "Transition Prediction and Linear Stability Theory”, AGARD CP No. 234, 1977.
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Q
(8]
i
1% N .
' ; 0.4 0.6 oe 1
X/
Fiq. 5 Measured cp-distribution (x) compared to Navier-Stokes (~ - ~)
and potential-1 >undary layer (—) calculations (Case No. 1.05; V
calculated transition location; from GE-10.8.4)
1.h | - . v
y o
1k
a -5i08
8 os} 1
2
oF > 1
s
L}
-0.5 . : . : : ?
a 0.2 0.4 0.6 08 1 i
B /c
FiG, 6 Measured transition locations (x) compared to potential-

boundary layer (—) calculations (Case No. 2; from GE-10.8.4)
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b {mm)]
FiG. 7 Measured ¢,, to spanwidth b distribution (x) (Case No. 3.01).
The wake in the middle of the model is disturbed by pressure
taps. (From GE-10.8.4)
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FiG.

FiG.

0

10

Differential interferogram of a laminar separation bubble
(Case No. 3.01, width of section about 15 mm; from GE-10.8.4)

Detection of the location of transition by liquid chrystals (Case
No. 3.01; from GE-10.8.4)
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EXPERIMENTS IN THE TRAILING EDGE FLOW
OF AN NLR 7702 AIRFOIL

BY

L.H.J. ABSIL AND D.M. PASSCHIER
LOW SPEED AERODYNAMICS LABORATORY
FACULTY OF AEROSPACE ENGINEERING
DELFT UNIVERSITY OF TECHNOLOGY
P.O. BOX 5058, 2600 GB DELFT
THE NETHERLANDS

INTRODUCTION

Detailed mean flow and turbulence properties are presented of the flow in the vicinity of an
airfoil trailing edge, to provide data for the development of turbulence models and the validation
of computational methods.

1. GENERAL DESCRIPTION

1.1. Model NLR 7702 airfoil
1.2. Model type 2-D airfoil
1.3. Purpose of test to provide reliable and detailed data of the

complicated flow near the trailing edge of a
modern airfoil

1.4. Dominant flow physics The upper surface boundary layer is near
separation, while the lower surface boundary
layer is developing in a negative pressure
gradient. The two boundary layers merge
into a highly asymmetric near wake (see fig.

1).
1.5. The available data are limited 1o a region close to the trailing edge.

Recently a number of upstream boundary layer stations (from 50% chord on both
sides) have been measured; these data will become available in the future.

2. DETAILS OF MODEL

2.1. General geometric arrangement (see fig. 2)
2-d airfoil model
2.3.2. Wing section NLR 7702 (see fig. 3)
. chord 600 mm
. thickness 14% chord
. angle of attack 4°

. 0.3 mm wire trip at 30% chord on lower surface
3. GENERAL TUNNEL INFORMATION

3.1. Tunnel Designation LST, Low Speed, Low Turbulence Tunnel

0
[ A
#
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3.2. Organisation

3.3. Tunnel Characteristics

3.4. Test Section
3.4.1. Set Up
3.4.2. Dimensions
3.5. Free stream conditions

3.5 1. Reference conditions

3.6. Flow quality

4. INSTRUMENTATION
4.1. Model incidence is fixed at o = 4°.

4.2. Pressure measurements

Low Specd Aerodynamics Lab., Faculty of
Aerospace Engineering, Delft University of
Technology, the Netherlands.

Closed return type (see fig. 4). Maximum
speed 120 m/s.

see fig. 2

1.80 x 1.25 x 2.60 m.

Total pressure measured in settling
chamber. Static pressure measured halfway
contraction. Calibration provides dynamic
pressure in empty test section. Temperature
measured in settling chamber. U, is based
on this dynamic pressure.

Turbulence level at tunnel speed of 35 m/s
(during present tests): 0.03%.

During a run a slight temperature rise
occurs. Tunnel speed is adjusted to keep
Reynolds number constant at 1.47 x 105.

4.2.1.  Disposition of pressure hole, sce table 1,

4.22.  Overall pressure distributions measured with multitube liquid manometer

(accuracy 1 to 2 Pa).

Detailed pressure distribution measured with 'Barocel’ pressure transducer,

(accuracy 0.1 Pa).

4.4, Boundary layer and wake measurements.

4.4.1. Measurement techniques

. Preston tubes

. Lower surface

(. Pressure probes

Upper surface: 0.6, 0.9, 1.5, 2.0
mm.

0.5, 0.7, 1.1, 1.6 mm.

In the wake static/total pressures were
measured at an earlier stage, under slightly
different conditions for the lower surface
boundary layer trip).



. LDV (main body of mcasurements)

. Laser

. Optics

. Three optical
set-ups were used:

. Hot wire

4.4.2. Flow regions investigated

5. TEST MATRIX AND CONDITIONS
5.1. See table 2.
5.3. Transition details

Upper surface

Lower surface

6. DATA
6.1. Availability of data

6.1.1. Organization owning the data

6.1.2. Respornsible for data

A7-3

5W

2 component dual-bcam TSI modular optics,
operated in 20° off-axis forward scatter.
Bragg cells present in both components.

During the boundary layer traverses the
optics were aligned such that the
components measured were at about * 45°
with respect to the surface. During the wake
traverscs components at 45° to the tunnel
axis were measured.

Single and crosswire probes with DANTEC
model C constant current anemometers
were used at a few stations to provide
additional information about LDV reliability.
Probes were supported by a strut spanning
the width of the tunnel.

Last 6% chord of upper and lower

surface boundary layers, and first 6% of the
wake. The measurement grid is shown in fig.
5. (Actually during measurements, the grid
was refined at some position, if necessary).

free transition with laminar separation
bubble (sce surface pressure distribution,
fig. 6).

fixed transition (0.3 mm dia wirc at 30%
chord).

Low Speed Aerodynamics Laboratory
Faculty of Aerospace Engineering
Delft University of Technology.

D.M. Passchier
Kluyverweg 1

2629 HS Delft
tel. 015-786386
fax: 015-783533

e
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6.1.3. The data are {recly available.

6.2.1. The data may be suitable for "in tunnel” calculation, although no information on
tunnel wall boundary layers is available.

6.3.1. (see table 3). Data are available with
. all velocities non-dimensionalized with a (given)
reference velocity (sec 3.5.1).
. all pressures as pressure coefficients
. Preston tube measurements as cp.

6.3.2. Data carrier floppy disk (Lotus worksheet format, or
ASCII format).

6.3.4. All averages of LDV data take an extent of several Mbytes.
Arithmic averages are distributed in floppy disk.

6.4. Corrections applied to data.

6.4.6. Small corrections (order 0.2 mm) for wall distance are applied, based on wall law
fitting of ncar wall data.

7. DATA ACCURACY AND REPEATABILITY ASSESSMENT

7.1. Accuracy
7.1.1. Free stream conditions Reynolds number constant within 1%
A (nominal value R, = 147 x 109).
M, = 0.1
7.1.2. Measured data
Typical overall accuracy Mean velocity < 1%

Reynolds shear stress < 5%.

7.2. Repeat measurements

7.2.1. In different campaigns see fig. 7.

7.2.2. In different compaigns Overlap data of wake and boundary layer
traverses, all different with optical set ups);
fig. 8.

7.3. Redundant measurements
7.3.1. Additional hotwire measurement.
Typical example: fig. 9, 10.
7.3.2. Internal consistency (see also 7.2.2).
| 2-d checks: - spa.n“tise traverses, indicating no significant
variations

- continuity check from measured
data



7.5. Examples of flow development
8. REFERENCES

. L.H.J. Absil
. D.M. Passchier

. L.H.J. Absil
. D.M. Passchicr

. L.H.J. Absil
. D.M. Passchier
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example, fig. 11.

- complete Navier Stokes momentum
check of measured data
example, fig. 12.

figs 13 to 20.

LDA Measurements in the highly
asymmetric trailing edge flow of an NLR
7702 airfoil. In: Proceedings of the 5th
international symposium on the application
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